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ABSTRACT 
 
An increase in the production and usage of pharmaceutical and personal care 
products in various water bodies has attracted significant attention amongst the 
public and scientists. Classified as emerging pollutants, these pharmaceutical and 
personal care products ultimately accumulate and contaminate several water bodies 
through several pathways. Although reported to be found at very low concentrations, 
exposure to these emerging organic pollutants has adverse health effects to 
humans. Conventional methods are reported to partially degrade emerging 
pollutants. Therefore, it is of importance to explore effective and innovative methods 
for the complete degradation of these pollutants. 
 In this study, a photocatalytic-membrane consisting of bismuth vanadate (BiVO4) 
nanoparticles, hyperbranched polyethyleneimine (HPEI) and polyethersulfone 
(PES) were used in the degradation of triclosan. BiVO4 is an n-type semiconductor 
with excellent properties such as lower band gap and visible light active. However, 
it has drawbacks such as agglomeration and having lower surface area. HPEI was 
used as a dispersing agent for the BiVO4 photocatalyst as this polymer has been 
found to be an excellent template/host for the production of monodispersed and 
uniform size particles. HPEI can also induce hydrophilic properties on the 
membrane thus alleviating fouling. 
BiVO4 was characterised using X-ray Diffraction (XRD) and Raman depicted that 
spectroscopy. These analyses revealed that there was successful synthesis of the 
monoclinic phase of BiVO4, as well as a phase transformation between the 
monoclinic phase and the tetragonal phase upon addition of HPEI within the 
nanoparticles. The modified membranes showed improved water flux and 
hydrophilicity (71°- 56°) as compared to the bare PES (75°) upon addition of HPEI 
and BiVO4. The modified membranes were effective in the photodegradation of 
triclosan (upto 86%) and this was accompanied by the generation of Cl- ions. 
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: 
 INTRODUCTION 
 
1.1 Problem statement 
Reliable access to clean and safe water is considered one of the most basic 
humanitarian goal, although it remains a major global challenge (1). Water is 
considered as a basic need because not only is it used for everyday life in humans 
and animals, it is also used to produce electricity as well as being used in agricultural 
sector (1- 3). Water pollution by emerging pollutants has gained significant amount 
of attention in the last few years. The environmental protection agency of US (US-
EPA) defines these products as compounds without any regulatory status, 
conveying a poor understanding of their impact towards both the environment and 
human health (4). Pharmaceutical and personal care products (PPCPs) were 
recently considered as the two major groups of the emerging pollutants due to the 
dreadful side effects they possess upon ingestion by both human and aquatic life 
(4-6).  
Over the years, PPCPs have never been recognised to be major contributors 
towards water pollution. Recently, these pollutants have raised remarkable 
concerns as emerging pollutants because of their persistent present in the aquatic 
environment (7).  Leung et al., (2012) reported the multiple pathways in which these 
PPCPs enter various water bodies (8). These multiple pathways include hospital 
discharges, domestic wastewater, improper manufacturer disposal and sewage 
treatment plants (8). Sewage and wastewater treatments are prominent as 
pathways towards contamination of water by these pharmaceuticals and personal 
care products because studies indicate that these contaminants are incompletely 
degraded during the process of wastewater treatment (9-11).   
Hua et al., (2008), and Yang et al., (2017) reported that the incomplete degradation 
of PPCPs contaminants was due to the treatment systems employed at the 
treatment plants (10, 11). Sewage treatment plants (STPs) were designed originally 
                                            Chapter 1: Introduction 
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for the complete degradation of organic matter and suspended solids and not 
emerging pollutants (10,11). These conventional water treatment methods fail to 
completely remove these newly emerged contaminants. Therefore, the search for 
effective methods which will be applied for the complete degradation of these 
contaminants is highly sought (10). 
PPCPs are a large and diverse group of organic compounds, which includes 
pharmaceutical drugs for medical treatments and personal care products, mainly 
used to clean, remove bad odours and enhance appearance (12). These include 
hair dyes, hair shampoos, shower gels, sunscreens and toothpastes (12). It is quite 
clear that a large amount of the population relies on the use of cosmetics in their 
everyday lives for numerous reasons.  
In addition, studies indicate that when it comes to looking good and young, the 
society turns to the frequent use of cosmetics, mostly among the female population 
(13).  For various health reasons, several medications are frequently used to 
enhance the health status of human beings and animals. Over millions of patients 
across the globe rely heavily on medication to cure a wide number of diseases (14). 
However, only a small percentage of the ingested medication goes to the body while 
the remaining is excreted from the body in numerous ways (14). Thus, the frequent 
use of these products has led to the recurring accumulation of their by-products in 
many water bodies (15). 
The accumulation of these contaminants may become detrimental and cause 
adverse effects not only to the aquatic life, but also to human health and the 
ecosystem (15). This is because the by-products enter and accumulate the food 
chain through effluent discharge and the reuse of treated sewage (15,16). Although 
the concentrations of the PPCPs are found to be relatively low (ng/L – ug/L) in most 
water bodies, exposure to these contaminants residues, have adverse health 
impacts and long-term effects towards humans (17). Thus, the removal of these 
contaminants in most wastewater systems is of great importance. 
                                            Chapter 1: Introduction 
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Madikizela et al., (2016), reported the presence of ibuprofen, a pharmaceutical 
product, in wastewater treatment plants located in KwaZulu-Natal province in South 
Africa (18). Ibuprofen was found at a concentration of 221 mg/L. In the Gauteng 
province, ibuprofen was reported to be found in a wastewater treatment plants at 
concentration of 111.9 mg/L (18). Furthermore, traces of other pharmaceutical 
products such as diclofenac, naproxen and paracetamol were detected in South 
African rivers such as Umgeni and Mbokodweni rivers (18,19). 
1.2 Justification 
When it comes to water purification, several methods were applied by various 
researchers with the aim to acquire effective methodology for the complete removal 
of contaminants in wastewater (20).   Although the water treatment research is 
evolving, little progress has been achieved since most of the applications are not 
effective (20). Thus, researchers are still developing innovative way for the 
treatment of water.  
Photocatalyses are amongst the wastewater treatment processes investigated for 
complete removal of emerging contaminants (21). Metal oxides are the most widely 
used nanomaterials for photocatalytic reactions. This is because they are known to 
have good photodegradation properties in terms of the removal of organic 
contaminants (22). Amongst all the metal oxides, TiO2 has been widely used 
photocatalyst for the photodegradation of organic contaminants due to having 
tremendous properties such as high stability, low cost, non-toxicity and flexibility 
(21).  
However, although TiO2 appears to be an ideal photocatalyst for application of water 
treatment, it has its own disadvantages. Firstly, TiO2 has a large band gap of 3.2 eV 
due to the intrinsic electronic band structure (23). Secondly, TiO2 has been 
considered as uneconomical and not so commercial ascribed. This is due to the 
photocatalyst being only activated by ultraviolet light, which is the only source of 
light with enough energy to trigger the photocatalytic process with TiO2 as a 
semiconductor (22-24). Studies show that only about 4-5% of the UV-light within the 
solar spectrum is found at the surface of the earth, implying that the use of TiO2 for 
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water treatment will be typically expensive and ineffective (22, 23). Although there 
have been some ways of trying to improve the optical properties of TiO2 
nanoparticles, setbacks such as the reduction of the photodegradation properties 
occurred several times (24). With the above-mentioned disadvantages, the search 
for other semiconductor nanomaterials with the ability to photodegrade organic 
contaminants under visible light is underway (24). 
Bismuth vanadate (BiVO4) has emerged as a promising photocatalyst for the 
complete degradation of organic pollutants under visible-light, ascribing to its optical, 
conduction and photocatalytic properties (24, 25). There are three reported 
crystallite structures for BiVO4, namely tetragonal, scheelite tetragonal zircon and 
monoclinic scheelite (25). In this study, monoclinic scheelite bismuth vanadate 
(BiVO4) will be of use because of its reported lower band gap of ~2.4 eV which 
implies a higher photocatalytic activity as compared to the band gap of tetragonal 
BiVO4 (2.9 eV) (26). Studies have reported on the importance of BiVO4 as a 
semiconductor owing to its prevailing band edge positions within the visible 
wavelength region (24, 26). However, BiVO4 also has its own shortfalls such as 
having low surface area and agglomeration during photocatalytic process (27). With 
the aid of a support host system such as HPEI, these nanoparticles can be 
dispersed successfully.  
HPEI polymers have attracted significant attraction over the years in the application 
of photocatalytic-membrane technology due to their excellent properties (28). 
Firstly, they consist of several internal amine functional groups which act as ligands 
for the attachment of nanoparticles (28). Secondly, their quasi-spherical 
hyperbranched structure helps prevent the agglomeration of BiVO4 due to the 
presence of a shell provided (28). Lastly, HPEI consist of nanocavities that act as 
host in preparation of narrow and stable BiVO4 (28). 
Polyethersulfone (PES) has been extensively utilised in ultrafiltration membrane 
separation and purification attributing to its excellent chemical resistance and high 
thermal stability (29). It also possesses desirable properties such as easy 
processing, good-heat-aging resistance and hydrolytic stability (30). PES 
membranes exhibit hydrophobic characteristics which leads to membrane fouling 
and deterioration of permeate flux during the separation and purification process. 
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Thus, this affect their performance and application of these polymer membranes 
(29, 30). Many studies have focused on the modification of the membrane by 
reducing their hydrophobicity, which in turn, reduces their fouling (31).  
Therefore, this study focuses on constructing a PES/HPEI/BiVO4 photocatalytic 
membrane for the degradation of triclosan pollutant in water. High photodegradation 
of the triclosan using the synthesized nanocomposite membrane was anticipated.  
1.3 Objectives of the study 
The aim of this study was to synthesize and characterize nanocomposite membrane 
of polyethersulfone (PES) embedded with hyperbranched polyethyleneimine (HPEI) 
with BiVO4 nanoparticles for the photocatalytic degradation of triclosan in water. The 
objectives of the study were the following; 
a) To synthesize BiVO4 nanoparticles within HPEI template using a hydrothermal 
method.  
b) To embed the synthesized HPEI/BiVO4 nanocomposites onto PES membrane 
through phase inversion method producing PES/HPEI/ BiVO4 hybrid membrane.  
c) To assess the ability of the synthesized PES/HPEI/ BiVO4 embedded membrane 
in the photodegradation of the selected organic pollutants in water samples. 
1.4 Dissertation outline  
The following dissertation outlines gives a brief description of the content of chapters 
to follow: 
Chapter 1:  Briefly summarize the problems associated with the presence of PPCPs 
in water as well as the use of other photocatalysts for the removal of organic 
pollutants. The justification for the use of BiVO4, HPEI and PES for the complete 
removal of triclosan in this study was also highlighted in this chapter. 
Chapter 2: Outlines an in-depth literature review correlated to the study. This 
includes thorough clarification of pharmaceutical and personal care products, which 
currently exist in water systems, their adverse effects towards humans and animals, 
conventional methods used for their removal along with problems associated with 
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their application for the removal of these emerging pollutants. The proposed 
technology for this study was also reviewed in this chapter.  
Chapter 3: Illustrates the experimental procedures used in this study for the 
synthesis of BiVO4, HPEI/BiVO4 and the preparation of the PES/HPEI/BiVO4 
nanocomposite materials. The application procedure, characterization techniques 
as well as the analytical techniques are also discussed in this chapter. 
Chapter 4: This chapter gives the findings of this study, further validating the 
objectives of the study.  
Chapter 5: Conclusions of the study are drawn, based on interpretations and results 
in chapter 4.  
References: All literature cited in this dissertation is listed in this section, at the end 
of each chapter.  
Appendix: Consists of raw data and other results obtained during this study. 
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2.1 Overview 
This chapter highlights the presence of different types of pharmaceutical and 
personal care products in various water bodies and their adverse effects on the 
health of both humans and animals. Problems associated with the application of 
several conventional methods towards the removal of these new emerging 
pollutants are also highlighted. New proposed approaches undertaken to address 
this issues are also described. 
2.2 Pharmaceutical and personal care in water 
PPCPs products are known as the new emerging contaminants found in most 
wastewater bodies (1). Pharmaceutical and personal care products (PPCPs) are 
used for healthcare and medical purposes mostly in human beings and/or also 
animals (1).  These products/chemicals are also found in cosmetics, detergents, 
toys and hormones. Due to their widespread application as well as their recurring 
appearance in several water sources, PPCPs have received great attention in the 
research sector (2). The occurrence of PPCPs in wastewater bodies can cause 
adverse side effects to humans and the ecosystem because many of them are 
inadequately regulated (3).  
Worldwide, the incomplete degradation of these new emerging pollutants by most 
wastewater treatment plants has been scientifically demonstrated (4). This explains 
the frequent occurrence of PPCPs in most water streams. To date, most studies 
review  the occurrence of PPCPs in water matrices, mainly focusing on the surface 
water and wastewater, in which higher concentrations of PPCPs have been 
identified (4-6). Due to their large consumption, these PPCPs may enter the 
aqueous environment via pathways such as industrial effluent, hospital effluent, 
domestic effluents and wastewater treatment plants (5,6). Despite the several 
studies reported based on the on the occurrence of PPCPs in water bodies of 
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Europe, Asia and USA, little research was conducted regarding findings of 
pharmaceuticals in surface water, sediments and wastewater of African countries 
(7). 
Matongo et al., (2015) indicates the presence of these PPCPs in ground and surface 
water, which are the two sources that supplies at least 50% of the well-privileged 
community and 90% to the rural communities (7). According to Viena et al., (2014), 
only 6-7% of most consumed drugs get absorbed in the body, while about 65-70% 
is excreted from the body in urine and the remaining 20-30% is said to be excreted 
in faeces either as the pristine drug or as metabolites (8). Madikizela et al., (2017) 
reports that the presence of these PPCPs in most rural areas is due to lack of 
sanitation processes (9). Such rural areas have no sewage treatment facilities, thus, 
directly disposing the human and domestic waste to the ground or surface water (9). 
These wastes are then washed off to the rivers during the rainy season, 
consequently contaminating surface water, causing health danger to both humans 
and aquatic animals (9). 
Personal care products are a diverse group of compounds that are used in variety 
of products such as lotions, toothpastes, shampoos, sunscreens and fragrances. 
These products are typically used to enhance the standards of living (10). Because 
these products are used in huge quantities across the world, they are continuously 
released and detected in various water bodies worldwide (4).  Personal care 
products are sub-divided into various groups including disinfectants, fragrances, 
UV-filters, preservatives and insect repellents (4). Literature indicates that because 
most of these products are biologically active, they pose a threat to both the 
ecosystem and human health, having being characterized by persistence and 
bioaccumulation potential (11). 
2.1.1  Classification of personal care products 
2.1.1.1 UV-filters 
UV-filters are substances that are known to absorb or reflect ultraviolet radiation in 
the sunlight (11). These chemicals are usually used in in personal care products 
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such as sunscreens and others cosmetic products to protect the skin from being 
damaged by UV-radiation (11). They are also used to stabilize the color and 
fragrance of certain cosmetic formulations. The active ingredients of UV-filters are 
reported to either be organic or inorganic chemical absorbers (12).  Organic filters 
are those that absorb radiation and then disperse the absorbed energy through 
photochemical and photophysical pathways, while inorganic filters are those that 
absorb energy, then reflect and scatter UV radiation (12). Pathways of these UV-
filters include wash-offs from the skin during swimming and bathing, as well as 
through wastewater and industrial discharges (11, 12).  Due to lack of analytical 
methods, very little is known about the environmental concentrations of UV-filters, 
will very little research conducted about their removal from wastewater in African 
countries (13). 
2.1.1.2 Endocrine disruptors 
Endocrine disruptors have been reportedly found in South African natural water 
bodies and wastewater/sewage treatment plant (14). Endocrine disruptors are 
environmental and health risks associated, attributing to having the potential to 
cause some of the major health complications such as reproductive disorders, 
thyroid cancer, breast cancer, prostate cancer and immune and metabolic disorders 
(15). Moreover, animal exposure to endocrine disruptors their reproductive system, 
while  studies allegedly reports that human exposure to endocrine disruptors might  
also leads to decrease of male sperm count (16). Because of the several diseases 
and disorders associated with them, they have recently attracted a significant 
amount of attention as new emerging pollutants (14, 15). Triclosan is a good 
example of an endocrine disruptors, which is most commonly found in several water 
bodies across the country. 
2.3 Pharmaceutical and personal care products 
2.3.1 Diclofenac 
Diclofenac (with an IUPAC name of (2-(2-(2,6-dichlorophenylamino) phenyl) acetic 
acid)), is shown in Figure 2.1. It is a non-biodegradable pharmaceutical drug that is 
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most commonly found in various water bodies (17, 18). It is also a well-known, non-
steroidal anti-inflammatory drug (NSAIDs) (17). The presence of diclofenac in water 
bodies is from different pathways such as excretion from humans, discharge from 
production sites, direct disposal in households and medical care of human (19). 
Consequently, the presence of diclofenac in water bodies might cause adverse 
effects such as hepatotoxicity disorders in human being (19). Diclofenac was also 
regarded as lethal to other living organisms because it was reported to induce acute 
renal failure even at minor quantities, resulting in the depletion of Indian 
subcontinent population (20). Toxicity studies revealed that even smaller 
concentration of diclofenac has detrimental effect on the livers, kidneys and muscles 
of aquatic animals (20).   
 
Figure 2.1: The structure of diclofenac. 
2.3.2 Acetaminophen  
 Acetaminophen is amongst the most extensively used over-the-counter analgesic 
and antipyretic across the world.  It is most commonly used as a pain reliever, 
treatment of headaches, muscle pains, arthritis, backache and toothaches (21). Like 
most pharmaceutical products, it has been detected frequently in natural water 
bodies and waste/sewage water treatment plants at concentrations of 100 µg/L 
levels (21). Figure 2.2 below shows the organic structure of acetaminophen.  
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Figure 2.2: The structure of Acetaminophen 
Studies reported that the release of this pharmaceutical contaminant in the 
environments might possibly exhibit biological toxicity towards aquatic animals (21, 
22). In addition, at high concentrations, the accumulation of acetaminophen together 
with its metabolites in the food chain poses a potential risk to human beings such 
as liver damage at concentration higher than 200 ng/L (22). Thus, it is important to 
develop an appropriate technique to successfully remove acetaminophen in 
wastewater.  
Matonga et al., (2015) reported the presence of acetaminophen and other 
pharmaceutical products in Msunduzi river and the Darvill wastewater treatment 
plant found in KwaZulu-Natal, South Africa (7). The study reports that both industrial 
and municipal discharges to the river are identified as the major pathways 
responsible for the surface water contamination (7). In this study, about 1.74 ng/L 
concentration of acetaminophen was found at Msunduzi river, which was associated 
with the presence with human settlement.  
2.3.3Triclosan  
Triclosan (5-chloro-2-(2,4-dichlorophenoxy) phenol) as depicted in Figure 2.3, is a 
well-known endocrine disruptor and carcinogenic inducer (23-25). It is an 
antimicrobial and preservative compound that is most frequently used in almost all 
the everyday used personal-care products such as lotions, skin care creams, soaps, 
shampoos, detergents and toothpastes (25-27). Triclosan is reported to be the most 
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commonly used chemical in personal care products because of its good microbial 
activities (26, 27).  
 
Figure 2.3: The structure of triclosan. 
The partial degradation of triclosan during waste/sewage water treatment system 
results in by-products with more toxicity such as 2, 4-dichlorophenol and dioxins 
(28-30). According to the European Community Cosmetic Directive or the US Food 
and Drug Agency (USFDA), the content of triclosan (TCS) in personal care products 
should not exceed 0.3% in the body (31).  
Lehutso et al., (2017), reported the presence of triclocarban and triclosan in selected 
wastewater treatment plants in the Gauteng province (South Africa), with the results 
indicating high levels of these pollutants (32). The concentrations obtained for 
triclosan were reported to be: river (0.880–8.72 μg/L); influent (2.01–17.6 μg/L); raw 
sludge (3.65–15.0 μg/kg) and treated sludge (2.08–7.81 μg/kg) (32). With the 
above-mentioned chronic diseases associated with triclosan and report 
ubiquitous nature of the pollutant present in water bodies, it is of great concern to 
present a novel and effective method that will results in at least 90% removal of 
triclosan. In this study, triclosan was the main focus as a pollutant. 
2.3.4 Ibuprofen  
Ibuprofen (2-[4-(2-methylpropyl) phenyl] propionic acid) is another anti-inflammatory 
drug that is most commonly used to treat minor or inflammation injuries, migraine, 
muscle aches, toothaches, fever and arthritis (33-34). According to Musmarra et al., 
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(2016), the main sources towards the contamination of waters bodies owing to the 
presence of ibuprofen include excretory products of medically treated humans, 
industrial discharges and animals and hospital discharges (35). Figure 2.4 below 
shows the structure of ibuprofen. 
 
Figure 2.4: The structure of Ibuprofen 
Ibuprofen has been reported to be found in several water bodies (13, 36). For this 
reason, it clearly indicates that the conventional waste and sewage water treatments 
do not effectively remove ibuprofen as a pollutant from effluents. This is because of 
its low concentration and complex molecular structure. Ibuprofen as a pollutant was 
reported to be present in drinking water (0.0002–0.0013 μg/L), in surface water 
(0.01–0.4 μg/L) and in wastewater treatment plants (0.002–95 μg/L) (37).  
Gumbi et al., (2017) reported the detection of ibuprofen in Umgeni river system,  
KwaZulu-Natal South Africa. The pollutant was detected using GC-MS at a 
concentration of above 125 µL (38). Matongo et al., (2015) illustrated the presence 
of PPCPs in wastewater from Msunduzi river Kwazulu-Natal, South Africa, with 
ibuprofen exhibiting the highest concentrations at 117 μg/L and 85 μg/L (7). 
Another study conducted by Madikizela et al., (2016) indicated the occurrence of 
Ibuprofen, diclofenac and naproxen from rivers and wastewater treatment plants 
across KwaZulu-Natal in South Africa, namely Northern wastewater treatment plant, 
Amanzimtoti treatment plant and Mbokodweni river (13). Amongst the three 
pharmaceuticals, ibuprofen was the most frequently detected compound with the 
highest concentrations of 221, 67.9 and 11.4 μg/L in wastewater influent, effluent 
and river water, respectively (13). Although the pollutant is most widely found in low 
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concentrations, studies emphasise that it is important to completely remove 
Ibuprofen in all water sources (39, 40).  
2.4 Methods used for treatment of organic pollutants 
Wastewater treatment plants (WWTP) are considered as the main unit for the 
complete removal of organic contaminants. Several methods were applied for the 
removal of organic contaminants in wastewater treatment plants, including PPCPs 
(41). These include adsorption, biological methods and advanced oxidation 
processes (41, 42). Figure 2.5 below show the flow diagram of a typical 
conventional water treatment plant (42). 
 
Figure 2.5: Flow diagram of conventional wastewaterb /sewage watera 
treatment plant (42). 
2.4.1 Adsorption 
Among the most widely used techniques for water treatments, adsorption technique 
with the aid of solid adsorbent shows potential as the most efficient method towards 
the degradation of organic contaminants in wastewater treatment (44). It is the most 
prevalent physical process, which is amongst the main processes reported for 
removing PPCPs in the environment (44). Adsorbent materials such as 
carbonnanotubes, zeolites, activated carbon and metals oxides are said to reduce 
the content of emerging pollutants in water bodies by enhancing their adsorption 
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capacity (44, 45). Activated carbon adsorption is the most frequently used method 
in wastewater treatment plants (44, 46).  
2.1.1.3  Activated carbon 
Activated carbon has shown remarkable performance in the removal of emerging 
contaminants such as paracetamol, antibiotics, and anti-inflammatory (44). A study 
conducted by Rodriguez et.al (2017), reported the removal of pharmaceuticals as 
contaminants using activated carbon (44). The removal percentage of diclofenac 
and acetaminophen was obtained to be above 90% (44). However, the efficiency of 
this method varies on the contaminant targeted. The study further reports that there 
is partial degradation of other PPCPs when using activated carbon (44). Although 
activated carbon has been reported to be capable of degrading PPCPs, it has some 
drawbacks such as decreasing adsorption capacity and deteriorating.   Furthermore, 
the technique requires large amounts of adsorbent, resulting in increased operation 
time, high operational costs and high investments (47).  
2.1.1.4  Carbonnanotubes. 
Carbonnanotubes are one of the carbon-based adsorptive materials that are 
frequently investigated for the removal of PPCPs in water (47). Several studies have 
reported the removal of PPCPs such as triclosan, ketoprofen and carbamazepine 
using carbon nanotubes as the carbon-based adsorbent (44, 47). These studies 
indicated the high adsorption capacity of the PPCPs by the Carbonnanotubes (44, 
47). However, literature reports that the physicochemical properties of the PPCPS 
can highly influence the adsorption process of Carbonnanotubes (47).  
Wang et al. (2016) reported that multi-walled nanotubes can effectively remove 
triclosan, ibuprofen, acetaminophen and carbamazepine (48). However, the study 
indicates that the larger inner diameters of Carbonnanotubes shows less adsorption 
performance of PPCPs in river water (48). Moreover, several setbacks still need to 
be solved to pave the usage of carbonnanotubes in large scales. These include 
decreasing the cost of production, improving the adsorption capacity and the 
production method of these carbonnanotubes (47). 
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2.4.2 Advanced oxidation process 
Advanced oxidation processes (AOP) are reported as one of the most efficient 
treatment for the treatment and degradation of organic pollutants (49). During this 
process, there is formation of highly reactive hydroxyl radicals, which in-turn drive 
the oxidation process that mineralize almost all organic compounds (49).  Examples 
of advanced oxidation processes include photocatalysis, ozonation, heterogeneous 
photocatalysis, Fenton reaction and integrated processes (50).  
   2.4.2.1 Fenton process  
This sentence is in contradiction with what was said previously. If only Fenton 
reaction is effective among Fenton processes for the removal of PPCPs why not 
limit the subsection 2.4.2.1 to Fenton reaction? 
Amongst these processes, the Fenton reaction is reported to be very appealing due 
to the simple generation of hydroxyl radicals (50). However, these techniques are 
expensive while some of them are not even effective in the removal of PPCPs since 
these pollutants exist at low concentrations and have complex organic structures 
(51). Suárez, et al., (2008) suggested that the removal of PPCPs could be 
significantly enhanced by AOPs; however, factors such as radical scavenging 
capacity and ozone composition often limit the reported efficiencies (51).  Lehutso 
et.al (2017) reported that the total elimination of PPCPs often originates from 
multiple removal methods (32). Thus, no method was reported to completely remove 
them from wastewater treatment plants. 
   2.4.2.2 Ozonation process   
Ozonation has also been reported to be one of the most commonly used oxidation 
method for the removal of PPCPs (47). Literature also indicates that ozonation 
method has also been used as post-treatment process the determine the 
performance in the removal of PPCPs (47). Results indicates that about 90% 
removal efficiency of PPCPs has been observed when applying ozone process as 
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post-treatment process (47). Formation of hydroxyl radicals is basically the 
mechanism of ozonation, with the concentration of hydroxyl radicals being directly 
related to the ozonation rate of PPCPs. Derniere et al., (2018) reported the removal 
of ibuprofen using ozonation, indicating that ibuprofen was highly reactive towards 
•OH but was unreactive with O3 (52). Therefore, it is important to enhance the 
formation of hydroxyl radicals to improve the degradation of PPCPs (53). Carbon 
based materials have been applied to enhance the formation of hydroxyl radicals 
such graphene, carbonnanotubes and activated carbon (52, 53). However, the 
method still faces challenges such as high costs of production and low adsorption 
capacity of the carbon-based materials (53).  
 2.4.3 Biological methods 
Biological methods involve a two-step reaction, namely aerobic and anaerobic. It 
uses microorganisms such as algae, bacteria and fungi for the removal of organic 
pollutants in wastewater (47). Biodegradation has been reported to be the main 
mechanism for the removal of PPCPs by activated sludge. However, due to low 
abundance of degraders, the mechanism is not always effective in the complete 
degradation of these new emerging pollutants in the environment (54). Different 
PPCPs exhibit significant variability when biodegraded (47). Yang et.al (2017) 
reported 95% removal efficiency of triclosan, while the removal efficiency of only 
25% of diclofenac was reported when using biodegradation (54). In another study 
conducted by Wang et al., (2016), 84% removal efficiency of acetaminophen, 
caffeine, naproxen, and theophylline was observed (47). However, the study further 
indicates that pharmaceuticals such as carbamazepine, diclofenac, and diltiazem 
were poorly eliminated during the biological treatment with slightly higher 
concentration than the influent concentrations reported in wastewater treatment 
plants (47). 
With all the above reported conventional methods having several drawbacks and 
incomplete removal of the PPCPs, there is an urgent need of new innovative and 
effective methods that will results in complete removal of the PPCPs as well as 
having less or no drawbacks.  
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2.5 Proposed new technology  
2.5.1 Hyperbranched polymers  
Based on their highly branched structures and multi-functionality, hyperbranched 
polymers have received tremendous attention as supporting system of 
nanoparticles for wastewater treatment (55). Unlike dendrimers, whose synthesis is 
time consuming and highly expensive, hyperbranched polymers are known to be 
economical, easily synthesised in one-step and suitable to use for industrial 
application (56). Hyperbranched polymers are desirable materials to replace 
dendrimers attributing to being cost effective and easily obtained (56).  Due to their 
abundant functional groups and globular shapes, hyperbranched polymers also 
have lower viscosity and better solubility (57, 58). 
 
Figure 2.6: Structure of HPEI 
Hyperbranched polyethyleneimine (HPEI) as shown in Figure 2.6, is an example of 
hyperbranched polymers that are commercially available. These polymers consist 
of terminal amine functional groups, which increases the hydrophilicity of the 
membrane (60, 61).  Literature reports that enhancing the hydrophilicity of the 
membrane plays an important role in the anti-fouling of the properties of the 
membrane by increasing the water flux of the membrane (62).  
                                                                                                                                         Chapter 2: Literature Review 
23 
Due to their compact structures, they are normally used as dispersing agents for 
photocatalytic nanoparticles, confined by electrostatic interactions between the 
nitrogen of amine groups (56, 60).  The polymer consists of cavities, which act as 
hosts for nanoparticles, resulting in the above mentioned dispersed nanoparticles 
with uniform particle size. Moreover, these cavities can also act as catalytic sites to 
help with the complete degradation and removal of organic pollutants.  
Not only has it been used in chemistry, but it has also been reported to be used for 
biomedical application study for gene transfer process. Kebria et al., (2015) reported 
the use of PEI such as being used as flocculating agents, adhesives, ion exchange 
resins and surface treatment of polymers (62). Fang et al., (2015) reported the use 
of polyethyleneimine as an effective additive for polyethersulfone ultrafiltration 
membrane with enhanced permeability and selectivity (63).      
Mathumba et al., (2017) reported the synthesis and characterization of titanium 
oxide nanoparticles prepared within hyperbranched polyethyleneimine polymer 
template using a modified sol–gel method (60). Scheme 2.1 below shows the 
synthetic route followed to disperse the nanoparticles within the HPEI template. 
 
Scheme 2.1: Synthesis of TiO2 embedded on the HPEI template. 
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The results showed that the nanoparticles prepared without the HPEI template were 
agglomerate with particle size of 17 nm, while those nanoparticles prepared using 
the HPEI template were well dispersed with an average particle size of 11 nm (60). 
This show that the use of HPEI template for the synthesis of TiO2 nanoparticles plays 
an important role on the size and the morphology on the resulting nanoparticles (60). 
Thus in this study, HPEI was also used as a template for the BiVO4 nanoparticles 
with the aim to obtain well dispersed nanoparticles. 
 2.5.2 Removal of pollutants from wastewater using various PEI polymer 
composite. 
2.5.2.1 Water purification from metal ions using carbon nanoparticle-
conjugated polymer nanocomposites. 
Khaydarov et al., (2010) reported purification of water from metal ions using carbon 
nanoparticle-conjugated polymer nanocomposites (61). The idea of the technique 
described in the paper was to add water-soluble polymeric molecules and carbon 
colloids to water in such a way as to bind metal ions and simultaneously form the 
nanocomposite membranes (61). Metals such as Zn2+, Cd2+, Cu2+, Hg2+, Ni2+, and 
Cr6+ were studied in wastewater treatment (61). The results indicated that the 
amount of metal adsorption increased rapidly during the first 30s (about 90% 
removal), further reaching 100% removal after 70s (61).  
2.5.2.2 Amphiphilic PMMA/PEI core–shell nanoparticles as polymeric 
adsorbents to remove heavy metal pollutants. 
The study reported the successful synthesis of amphiphilic nanoparticles consisting 
of well-defined hydrophobic PMMA cores and hydrophilic PEI shells (64).  The 
synthetic procedure was carried out through direct graft copolymerization of MMA 
from PEI in an aqueous medium (64). The results exhibited well-defined core-shell 
PMMA/PEI nanoparticles, with a mean particle size around 250 nm in diameter (64). 
To evaluate their adsorption capacity to heavy metal pollutants, copper (II) ions were 
selected as the target pollutants in the study (64). An amount of 14 mg/L copper (II) 
ions was adsorbed onto PMMA/PEI core–shell under simple and fast experimental 
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conditions, indicating these nanoparticles can be used as effective and practical 
polymeric adsorbents (64). 
2.5.2.3 Methyl Orange removal by a novel PEI-AuNPs-hemin nanocomposite 
A study conducted by Hu et al., (2017) reported the synthesis of PEI-AuNPs-Hemin 
nanocomposite applied for the removal of methyl orange (MO) dye (65). The study 
indicated effective degradation of MO (about 80%) within 2 min with only 0.5 mg/mL 
of mL PEI-AuNPs-Hemin nanocomposite used. The final removal efficiency of the 
MO dye appeared to increase with decreasing pH (65). Therefore, high effective 
adsorption of MO was obtained at pH=3.0. The novel synthesized nanocomposite 
membrane showed an effective and enhanced adsorbility for the removal of MO 
under acidic solutions (65). Degradation of MO using the nanocomposite membrane 
took place upon UV irradiation, indicating that PEI-AuNPs-Hemin could act as a 
photocatalyst (65).  Thus, the studies substantiate that HPEI template can be used 
to effectively remove several pollutants from water. 
2.5.2.4 Preparation and characterization of HPEI-GO/PES ultrafiltration 
membrane with antifouling and antibacterial properties. 
The study reports the preparation of polyethersulfone (PES) casting solution 
blended with graphene oxide which was modified by hyperbranched 
polyethylenimine (HPEI), via phase inversion method (66). The prepared 
nanocomposite membrane exhibited great mechanical properties as well as good 
antifouling and antibacterial performance upon the addition of GO/HPEI composite 
(66). Therefore, the nanocomposite membrane with effecting antifouling properties 
will have potential applications beyond water purification and wastewater treatment 
systems (66). 
2.5.3 Heterogeneous Photocatalysis 
Heterogeneous photocatalysis is an advanced oxidation process that has been 
studied extensively as an appropriate procedure for the degradation of inorganic 
and organic contaminants present in wastewater (50). During this process, the 
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semiconductor, which absorbs at ultraviolet or visible light, generate electrons and 
holes in the conduction and valence band respectively (67). The hydroxyl radical, 
which is produced via oxidation of adsorbed water by the positively charged hole in 
the valence of the semiconductor upon excitation, is the determining oxidizing 
species (67).  
Over the years, TiO2-based catalyst has been the most widely studied material for 
the heterogeneous photocatalytic methods (68). Perez et al., (2012) indicated the 
use of heterogeneous photocatalysis as a potential application of emerging 
contaminants (68). The study indicated efficient degradation of diclofenac using 
TiO2 as the photocatalyst (68). Over the years, TiO2 has undoubtedly demonstrated 
to be an excellent photocatalyst for the degradation of various organic contaminants 
in wastewater treatment (69). Unfortunately, due to its large band gap energy of 
3.2eV, it can only be excited by ultraviolet light source making it to be commercially 
unavailable (69). Since then, much effort has been devoted for the search of a 
semiconductor that can absorb under visible light has grown tremendously. 
However, with various shortfalls associated with the catalyst, other photocatalysts 
such as BiVO4, ZnO, and WO3 have been extensively studied (68). BiVO4 was 
reported as an exceptional n-type semiconductor that absorbs under visible light 
irradiation as well as having other properties such as low cost, non-toxicity and high 
stability (68). 
2.5.3.1 BiVO4 semiconductor 
BiVO4 is an n-type semiconducting material that has been used as a photocatalyst 
for the degradation of organic and inorganic contaminants in water purification 
process, as well as the production of hydrogen evolution in fuel cell sector when 
modified (69). This is due to its excellent properties such as high photocatalytic 
activity, chemical stability, highly oxidative and non-toxicity (70). Recently, this 
semiconductor has received tremendous attention as a promising visible-light-
driven photocatalyst (69). This n-type intrinsic semiconductor is excited by visible 
light wavelength of no longer than 500 nm (68). 
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Figure 2.7: Heterogeneous photocatalysis by BiVO4 for complete 
degradation of PPCPs. 
Bismuth vanadate is categorized into three crystal phases of tetragonal zircon, 
monoclinic scheelite and tetragonal scheelite (71). According to Shen et.al (2010), 
the photocatalytic activity BiVO4 strongly depends on its crystal phase and its optical 
properties (71). Amongst all the three crystal phases of the semiconductor, several 
studies reported that monoclinic scheelite showed the best photocatalytic activity 
performance than the other two crystal phases under visible light source (72-74). 
Furthermore, monoclinic phase of BiVO4 exhibits favorable band edges and a lower 
band gap energy of 2.4 eV. This makes it preferable for photocatalytic applications 
when compared to tetragonal phase with band gap energy of 3.1 eV (75, 76).  
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Figure 2.8: Two crystal structures of BiVO4. 
2.5.3.1.1 Hydrothermal fabrication and visible-light-driven photocatalytic 
properties of bismuth vanadate with multiple morphologies and/or porous 
structures for Methyl Orange degradation. 
 
Jiang et al., (2012) reported the hydrothermal synthesis of BiVO4 in the presence of 
polyvinylpyrrolidone polymer in which the PVP polymer was later removed by 
calcining at 550 ºc for 4 hours (75). Results showed that the PVP-BiVO4 presented 
much higher surface area of 5.0-8.4 m2/g and narrower bandgap energies of 2.45-
2.49 eV when compared to that of pristine BiVO4. It has been also denoted that the 
presence of the polymer and change in pH affects the morphology of the 
nanoparticles (75). Having a higher surface area of 8.4 m2/g, spherical BiVO4-PVP 
showed the highest photocatalytic activity for the degradation of methylene blue 
under visible-light irradiation (75). 
2.5.3.1.2 The synthesis of bismuth vanadate powders and their photocatalytic 
properties under visible light irradiation. 
Shen et.al (2010) reported the degradation of methyl blue (MB) with the aid of 
synthesized bismuth vanadate (71). The three different crystal structures of bismuth 
vanadate were prepared using hydrothermal method by adjusting the pH of the 
solution with Na2CO3. XRD results indicated that at pH=0.2, the tetragonal structure 
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was obtained while at pH 5.8, the monoclinic phase was obtained (71).  The 
monoclinic phase showed the highest photocatalytic activity with the delocalization 
rate of MB achieved to be 96.4% under visible light irradiation in 200 min (71). 
2.5.3.1.3 Photocatalytic degradation and removal mechanism of ibuprofen via 
monoclinic BiVO4 under simulated solar light. 
Li et.al (2016) reported the photocatalytic degradation of ibuprofen using monoclinic 
BiVO4 under simulated solar light (76). The XRD results showed that monoclinic 
bismuth vanadate crystal structure was obtained at pH=7 (76). The synthesized 
BiVO4 showed superior photocatalytic properties under the irradiation of visible-light. 
Photocatalytic degradation rate of ibuprofen was obtained at 90% after 25 min, at 
pH=4.5 (76).  The two studies indicate that BiVO4 can successfully degrade organic 
pollutants in wastewater. 
Zhang et al. (2014), reported the synthesis of monoclinic BiVO4 using hydrothermal 
method. The study further indicates that high quality monoclinic BiVO4 nanosheets 
were successfully synthesised (77). Li et.al (2016) investigated degradation of 
pharmaceutical contaminant Ibuprofen, using monoclinic BiVO4 synthesized using 
the hydrothermal method (76). The three different crystal structures of BiVO4 greatly 
depend on pH and temperature (76). To obtain a monoclinic crystal structure, 
reports demonstrate that the pH of the solution must be adjusted to pH of 4.6- 9 to 
obtain a stable monoclinic phase, while temperature is roughly around 100 0c (76).  
Although BiVO4 demonstrate excellent optical, chemical and physical properties, its 
photocatalytic activity has been stated to be low when applied as a pristine material 
(78). Pristine BiVO4 consist of drawbacks such as high electron-hole recombination 
and limited photoresponse in the visible light region (78, 79). Many research efforts 
have been made to suppress such drawbacks by doping of metal, non-metal and 
other well-known semiconductors (80). Multiphased system of monoclinic and 
tetragonal phase junctions can also be used as a means for improving the 
photocatalytic properties of the material (81, 82). Phase-transition of the 
nanoparticles can be obtained by varying parameters such as pH, degree of metal 
doping and temperature (82-84). 
                                                                                                                                         Chapter 2: Literature Review 
30 
❖ Effect of metal doping 
According to B. Zhou et.al, (2011), transitional metals such as Fe, Mo, Cu, Ni, and 
Co have been used widely as doping materials on the BiVO4 to improve separation 
of photogenerated electron–hole pairs under visible light radiation (85). Metal oxide 
doping is another approach of enhancing the photocatalytic activity of the catalyst. 
Semiconductors such as Copper oxide (CuO) and Cuprous oxide (Cu2O) have been 
widely used as co-catalyst for improved photocatalytic activity of BiVO4. Zhang et 
al., (2014) employed a CuO−BiVO4 heterojunction composite for the degradation of 
methylene blue under visible light irradiation (86). The composite exhibited an 
enhanced photocatalytic activity for MB dye with only 5%CuO-loaded. Cuprous 
oxide is a p-type semiconductor with a band gap of 2.07eV (86).  Previous reports 
described cuprous oxide as a sensitizer material due to its ability to absorb photons 
of a large part of the visible region, making them excellent co-catalyst to reduce the 
electron-hole recombination (86, 87).  
Usai et al., (2013) reported the use of yttrium (Y3+) as stabilizing agent for the phase-
transition of BiVO4 nanoparticles (82). The results indicated that the presence of Y3+ 
stabilizes the tetragonal phase of BiVO4, which is the predominant phase at higher 
contents of yttrium (82). The study further reports that a highly active 
heterostructured monoclinic–tetragonal BiVO4 system was obtained when doping 
with the yttrium compound. The tetragonal phase was stabilized as Y3+ loading 
increase, while all the signature peaks corresponding to the monoclinic phase 
started to disappear. Significant surface and morphological modifications were also 
noticed upon increased doping (82).  An enhanced photocatalytic activity of the 
nanoparticles was observed at 3% Y3+, which was reported to be attributed to the 
formation of a monoclinic–tetragonal structure. Obregon and colleagues reported 
doping the nanoparticles with Erbium (81).   
The presence of Er3+ ions was reported to induce the appearance of peaks ascribed 
to the tetragonal phase at higher loading that might be incorporated into the 
structure by Bi3+ substitution (81). However, in this study, the tetragonal phase of 
BiVO4 was reported to exhibit better photocatalytic performance than the monoclinic 
one (81). However, the enhancement of the visible light absorption induced by 
doping of metals does not always lead to better photocatalytic activity, as it may also 
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increase the recombination efficiency of the electron-hole pairs. Some metals used 
as dopant are also known to be highly toxic, causing severe diseases in human 
beings. 
❖ Effect of temperature 
The phase transition between monoclinic-scheelite and tetragonal-scheelite 
structures is reported to be reversible at about 255 °C, whereas an irreversible 
phase transition from tetragonal to monoclinic occurs at temperatures ranging from 
400 0C – 600 0C (Chen et al., 2012) (84). Li and his co-workers reported the 
presence of the two crystalline phases of the synthesized BiVO4, namely tetragonal 
and monoclinic BiVO4 (87). The tetragonal phase of the photocatalysts was 
observed when prepared at 90℃ (97). This phase maintained stable with the 
increase of the calcination temperature from 100 to 200 ℃. However, m-BiVO4 
corresponding peaks started to appear after the calcination temperature increased 
to 300 ℃ (87). At 400 C, the intensities of the main peaks of tetragonal and 
monoclinic BiVO4 were almost equal (87). With an increase in the calcination 
temperature going up to 500 ℃, the peaks of t-BiVO4 completely disappeared and 
only m-BiVO4 peaks were observed (87). The photocatalytic degradation results 
indicated that the BiVO4 sample prepared at 400 ℃ exhibited the best activity as 
compared to the others. In another study, Tokunaga et al, (2001) reported the phase 
transition from tetragonal zircon to monoclinic scheelite when heated at about 400 
0C to 450 0C (88). 
❖ Effect of pH 
Literature reports that the pH values of the nanoparticles plays an important role on 
the phase and morphology of BiVO4 powders (89). Tan et al, (2013) investigated 
the effect of pH on the phase of the BiVO4 nanoparticles by varying the pH values 
of the precursors (89). The study indicated under highly acidic conditions with  
pH = 0.59, monoclinic BiVO4 nanoparticles were easily generated (89). However, 
when the pH of the precursors increased by the addition of NaOH, both the 
tetragonal and monoclinic phases of BiVO4 were observed. It was noted that as the 
pH increases, the percentage of the tetragonal phase within the nanoparticles also 
increased whereas the monoclinic phase decreased. However, at pH =4.26, -9.76 it 
                                                                                                                                         Chapter 2: Literature Review 
32 
was observed that only the diffraction peaks characteristic of the monoclinic phase 
were present (89). At pH = 0.70−1.21, mixed phase of tetragonal and monoclinic 
phases were obtained, thus, the complete photodegradation of Rhodamine B after 
2 h of UV-light irradiation. However, a decrease in the photocatalytic activity was 
observed at pH =9.76 (89). 
Several studies have reported various methods for the synthesis of BiVO4. Those 
methods include sol-gel, ultrasonic-assisted method, precipitation and hydrothermal 
method just to name a few (71). Among all the above-mentioned methods, 
hydrothermal method is reported to be the simplest and effective pathway for the 
synthesis of monoclinic BiVO4 (71, 77). Moreover, the hydrothermal method is 
reported to be a soft chemical synthetic technique with easily controllable 
hydrothermal conditions (91). Studies further indicate that with the aid of 
hydrothermal method, crystallization of the photocatalyst could be obtained at a 
lower temperature, thus perfect BiVO4 with perfect crystal structure and regular 
morphology can be successfully attained (69,92). Furthermore, it is environmentally 
friendly, cost-effective and easily scalable for industrial production (92). 
Agglomeration of nanoparticles is one of the setbacks that accompanies the use of 
BiVO4 as a photocatalyst for water purification. To suppress these setbacks, HPEI 
will be used as a host material of the photocatalyst for dispersion purposes. Other 
techniques such as calcination of the nanoparticles at high temperatures not only 
help with dispersion of the nanoparticles, but also help with increasing the surface 
area of the nanoparticle.  Hu e al., (2014) reported the fabrication of monoclinic 
BiVO4 at different calcination temperatures (90). The results indicated that not only 
does the crystallinity of the nanoparticles increases as the calcination temperature 
increases, but the photocatalytic activity, the dispersion and the surface area of the 
nanoparticles also increases (90). At 300 ºC, the nanocatalyst exhibited superior 
performances over the photo-degradation both dyes under natural sunlight 
irradiation (90). Studies also reported that it is not easy to recover nanoparticles 
after purification of water (93). Thus, in this study the BiVO4 nanoparticles will be 
prepared with HPEI template and embedded on a membrane. 
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Up to this day, no study has been reported based on the phase transition of BiVO4 
using hyperbranched polyethyleneimine. Herein, we report a hydrothermal route for 
the selective synthesis of HPEI/BiVO4 at different pH values with phase transition of 
the nanoparticles. The possible mechanism of phase transformation at different pH 
conditions was also discussed. 
2.5.3 Membrane technology 
Membrane technology is another promising methodology for the application of 
emerging pollutants in wastewater, owing to having properties such as low energy 
consumption, high efficiency, easy scale-up and stable effluent quality (94). This 
method is based on the use of pressure for the removal of pollutants but also 
allowing water to pass through (95). Membrane filtration can be classified into four 
categories depending on the pore size, surface charge, and hydrophobicity (95). 
Figure 2.9 illustrates a schematic representation of different membrane types based 
on pore size ranges and structures (95). 
 
Figure 2.9: MF, UF, NF and RO membranes processes. 
Advantages of using membrane filtration for water purification include low cost, 
selective permeation and flexibility (96). Although microfiltration has been reported 
to be the widely used method, it is not useful for the removal of emerging 
contaminants prior to having low concentrations (96). For improved performance 
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efficiency, conjunction of membrane technology with hyperbranched polymers has 
been widely used. 
Polymer membranes are most widely used in membrane filtration for water 
purification process (97). However, most of the polymeric membranes used are 
found to be relatively hydrophobic, thus increasing resistance towards water 
permeation and escalating membrane fouling (97). To address this challenge, 
several methods have been developed for the modification of the polymeric 
membranes to enhance the anti-fouling properties and filtration performance. These 
methods include surface coating and grafting and membrane modification with 
hydrophilic polymers such as HPEI (65). These polymeric membranes include 
polysulfone (PSF), polyethersulfone (PES) and polyvinylidene fluoride (PVDF) (97-
99). 
Huang et.al, (2014) investigated the biofouling and filtration performance of modified 
PES membrane with Ag–SiO2 (101). The addition of Ag-SiO2 to the membrane 
increases its hydrophilicity, thus making it more applicable for ultrafiltration 
processes (100, 101). Shen et al. (2011) prepare composite membranes consisting 
of PES-SiO2 by phase inversion method. The study reported an increase in the pure 
water flux, enhanced hydrophilicity and increased anti-fouling abilities (102). 
Several studies presented the addition of nanoparticles in polyethersulfone 
membrane to increase its hydrophilicity. Jing-Feng Li et al. (2009) prepared 
composite membrane via phase inversion by dispersing varying concentrations of 
TiO2 nanoparticles in polyethersulfone casting solutions (103). It was reported that 
an enhanced thermal stability, hydrophilicity, and permeation performance was 
observed on the modified membrane (103). Wu et al., (2008) also prepared 
PES/TiO2 composite membranes via nanoparticle dispersion and phase inversion 
(104). This study was done to confirm and support the findings of Jing-Feng Li et 
al., (2009) in terms of enhanced hydrophilicity, thermal stability, and mechanical 
strength of the membrane (103, 104).   
Several different synthetic methods such as dry-wet phase inversion, thermally 
induced phase inversion and spin coating, have been reported for the synthesis of 
PES ultrafiltration membranes (99, 100). However, the disadvantages of dry-wet 
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phase inversion method and spin coating methods is that not only are they 
expensive and time consuming, but also produce non-homogenous mixture, which 
are drawbacks that the thermal phase inversion method does not face (99). 
Therefore, PES-HPEI-BiVO4 nanocomposite will be prepared using the phase 
inversion method. 
2.5.4 Preparation of membranes via phase inversion method. 
 The thermally induced phase inversion method is amongst the most commonly 
used technique for the preparation of membranes. This is due to having 
characteristics such as being ease of use and being reported to produce 
membranes with better morphology. It allows phase change from a gel solution to 
solid phase through immersion of the solution in an organic solvent or water bath. 
Below are a number of studies with the phase inversion method used to prepare the 
membranes. 
2.5.4.1 Ultrafiltration membranes embedded with PEG/Al2O3 nanoparticles. 
Garcia-Ivars and colleagues reported the preparation of three asymmetric 
membranes with different materials and pore microstructures but similar pore size 
(105). The membranes used were polysulfone, polyethersulfone and 
polyetherimide, prepared via phase inversion method (105).  Two hydrophilic 
additives namely polyethyleneglycol (PEG) and alumina (Al2O3), were used in the 
phase inversion method to compare and determine the membrane with the best 
antifouling properties.   
2.5.4.2 Cu(tpa)@GO/PES composite membranes  
Makhetha et al., (2018) reported the preparation of polyethersulfone composite 
membranes with two nanocomposite types of Cu(tpa) MOFs supported on graphene 
oxide (Cu(tpa)@GO) via phase inversion method (106). The prepared composite 
membranes exhibited high hydrophilicity and increased pure water flux relative to 
pristine PES and GO/PES membranes (106). High antifouling properties with flux 
recovery of 98 % was reported for the Cu(tpa)@GO/PES composite membranes as 
compared to 43% and 78% obtained for pristine PES and GO/PES membrane 
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respectively. furthermore, about 80% and 50% of anionic dye rejection for Congo 
Red and Methyl Orange was observed when Cu(tpa)@GO/PES membranes were 
applied (106).  
2.5.4.3 BiVO4-GO-PVDF nanocomposite membranes 
BiVO4-GO-PVDF system was synthesised in a study (107). Compared to pristine 
BiVO4, the nanocomposite revealed an enhanced photocatalytic activity 
degradation of methylene blue (MB), Rhodamine B (RhB) & Safranin-O (SO) in 
water under visible light irradiation (107). The enhanced photocatalytic activity was 
due to the effective quenching of the photogenerated electron-hole pairs (107). To 
further substantiate the above-mentioned results, trapping experiments of radicals 
and holes were conducted to detect reactive species generated in the photocatalytic 
system (107). The experimental results revealed that direct hole oxidation reaction 
is obviously dominant during photocatalytic reactions on the BiVO4-GO-PVDF 
system (107). 
2.5.4.4  ZnO/MWCNTs nanocomposite embedded in polyethersulfone.  
In this study, nanocomposite PES membrane was prepared to evaluate its 
photocatalytic performance (108). Zinc oxide coated multiwalled carbon nanotubes 
were synthesized firstly, then blended in the polyethersulfone casting solution (108). 
The nanocomposite membrane showed much improved hydrophilicity, pure water 
flux performance and antifouling properties induces by the addition of the hydrophilic 
nanoparticles (108). The performance of the membrane was investigated by 
carrying out the rejection of Direct Red 16 dye. The results indicated that the 
ZnO/MWCNTs nanocomposite membranes showed greater dye removal compared 
to the bare PES (108). Regarding the above observed results, zinc oxide can be 
considered as a promising photocatalysts for the removal of organic pollutants 
(108). 
2.5.4. Graphene oxide/TiO2 blended PES nanofiltration membrane  
Safarpour et al., (2016) reported the preparation of graphene oxide-TiO2 blended 
membrane via phase inversion (109). The hydrophilicity, water permeability, fouling 
                                                                                                                                         Chapter 2: Literature Review 
37 
resistance and photocatalytic performance of the prepared nanocomposite 
membranes were evaluated (109). The results revealed an improved water 
permeability and fouling resistance of the blended membranes when compared to 
bare PES (109). Photocatalytic performance of the membranes was evaluated by 
the use of three dyes 9 (i.e) Reactive Green 19, C. I. Direct Yellow 12 and  
C. I. Reactive Blue 21. A better dye removal performance was observed from the 
rGO/TiO2/PES membranes than the bare PES (109). Compared with TiO2/PES and 
GO/PES membranes, rGO/TiO2/PES membranes presented the best water 
permeation rate, antifouling ability and dye rejection (109). 
With the above mentioned literature, it is clear that photocatalytic membranes have 
the ability to degrade organic pollutants in various water sources. This indicate that 
photocatalytic membranes are a promising new technology for the complete 
degradation of organic pollutants, thus in this study, photocatalytic membrane of 
PES/HPEI: BiVO4 composite will be used for the degradation of triclosan, an 
emerging pollutant.   
2.6 Summary 
In this chapter, health risks associated with the presence of PPCPs in several water 
sources were highlighted. Limitation associated with the complete removal of these 
PPCPs were also highlighted.  Because the current conventional methods are 
unable to completely degrade these PPCPs, there is a need for new proposed 
technology with the aim to completely degrade these new emerging pollutants in 
wastewater treatment plants. Literature reviewed the advantages of using 
PES/HPEI/BiVO4 membranes for the complete removal of triclosan in wastewater 
treatment plant. Having being reported to have adverse advantages towards the 
photodegradation of other organic pollutants, BiVO4 nanoparticles were reviewed 
for their photocatalytic activity when incorporated in a membrane. From literature 
review, no study has ever reported the use of PES/HPEI/BiVO4 nanocomposite 
membrane for the degradation of triclosan.   
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CHAPTER 3: 
 EXPERIMENTAL METHODOLOGY 
 
3.1 Introduction 
This chapter gives a detailed discussion of the experimental procedures followed to 
achieve the objectives of this study. All the experimental and analytical procedures 
that were used in this study are presented.    
3.2 Experimental procedures 
3.2.1 Materials 
 Bismuth nitrate pentahydrate (Bi(NO3)3.5H2O), ammonium metavanadate 
(NH4VO4) and acetic acid (99%) were purchased from Sigma Aldrich, (South Africa). 
Hyperbranched polyethyleneimine (HPEI, MW 25 000 g/mol), polyethersulfone 
(PES) (Mw 3000 P), triclosan, acetonitrile, methanol and nitric acid were all 
purchased from Sigma Aldrich, (South Africa). All other chemicals and reagents 
were used as received. 
 
3.2.2 Preparation of pristine BiVO4 
Pristine bismuth vanadate nanoparticles were synthesized following a modified 
hydrothermal route used by Shen et.al (2010) (1) (Figure 3.1). A solution of  
Bi (NO3)3.5H2O (0.05 mmol) was dissolved in 10 mL acetic acid. Another solution of 
NH4VO4 (0.05 mmol) was dissolved in 60 mL (60 ˚C). The first solution of  
Bi (NO3)3.5H2O was added dropwise to the solution of NH4VO4. The resulted slurry 
was further stirred for two hours and sonicated for another two hours. The slurry 
was encased in an autoclave and heated in the oven at 140 ˚ C for 20 hours to obtain 
a homogeneous mixture. The precipitate was then cooled at room temperature, 
filtered and washed repeatedly with distilled water and ethanol, then dried overnight 
at 60 C̊. 
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Figure 3.1: preparation of pristine BiVO4 nanoparticles. 
3.2.3 Preparation of BiVO4 within HPEI 
The proposed synthesis followed a modified hydrothermal route used by Shen et.al 
(2010) (1) (Figure 3.2). Varying amounts of HPEI solution was prepared by 
dissolving in 10 mL of deionized H2O and stirred for 30 min. Another solution was 
prepared by dissolving Bi(NO3)3.5H2O (0.05 mmol) in acetic acid (10 mL) at room 
temperature. A third solution was prepared by dissolving NH4VO4 (0.05 mmol) at  
60˚C of water (60 mL). The prepared Bi (NO3)3.5H2O and NH4VO4 solutions were 
added simultaneously to the varying HPEI solution. The pH of the solutions was 
adjusted from 1.0-3.0. The solutions were stirred for 2 hours and consequently 
sonicated for another 2 hours. The slurry was encased in an autoclave and heated 
in the oven at 140˚C for 20 hours to obtain a homogeneous mixture. The precipitate 
was then cooled at room temperature, filtered and washed repeatedly with distilled 
water then dried overnight at 60˚C. The sample was further ground to a fine powder 
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and calcined at 500 ˚C using furnace oven to completely remove the HPEI polymer. 
All the samples were stored in sample vials for further characterization. 
 
Figure 3.2: Hydrothermal synthesis of BiVO4 within HPEI. 
3.2.3 Preparation of photocatalytic membrane:  Phase inversion method 
Preparation of the composite membrane was adapted from Mathumba et.al (2017) 
with modification (2) as shown on Figure 3.3. Flat sheet membranes were prepared 
by using the phase inversion method. PES granules (16 g), HPEI (1 g) and BiVO4 
nanoparticles of ratio 1:6 were dissolved in N-methylpyrrolidine (NMP) solvent under 
continuous stirring using the overhead stirrer for 24 hours to attain varying 
concentrations (0.5%, 0.10%, 0.2%, 0.3% and 0.5%) of PES polymer (Table 3.1). 
The casting solution was further placed in a desiccator for another 24 hours to 
completely remove any moist bubbles which were formed during preparation of the 
membrane.  
The casting solution was poured on the edge of the glass plate and solution was 
spread on the glass plate using an automated casting knife (200 µm). The glass 
plate was immediately immersed into a non-solvent bath containing deionized water 
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at room temperature for 24 hours. The membranes were then stored in bottles 
containing deionized water for further use. 
 
Figure 3.3: preparation of the membrane via phase inversion. 
Table 3.1: Composition of casting solution for membrane preparation 
Name PES (wt %) HPEI (wt %) BiVO4  NMP (mL) 
PES 
PES/HPEI/BiVO4 
PES/HPEI/BiVO4 
PES/HPEI/BiVO4 
PES/HPEI/BiVO4 
16 
16 
16 
16 
16 
0 
1 
1 
1 
1 
0 
0.1 
0.2 
0.3 
0.5 
84 
83.90 
83.80 
83.70 
83.50 
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3.4 Characterization of BiVO4 nanoparticles (NPs), HPEI/BiVO4 
nanocomposites and PES/HPEI/BiVO4 photocatalytic membrane. 
3.4.1 Fourier Transform Infrared Spectroscopy (FTIR) 
Bare PES and PES/HPEI/BiVO4 membranes were analyzed using a Perkin Elmer 
spectrum 100 FTIR spectrometer against an air background. The membrane 
samples were analyzed using ATR-FTIR of the same spectrometer. Membrane 
samples were analyzed at a range of 500 cm-1 to 4000 cm-1 with average scans of 
32 and spectral resolution of 4 cm-1.   
3.4.2 X-ray Diffraction Spectroscopy (XRD) 
XRD measurements were carried out using an X’Pert Philips (Data collector 
program) apparatus at room temperature coupled with Cu Kα radiation (0.1540 nm) 
polychromatic beam. The power source was set at 40 kV and 40 mA. A scan rate of 
5°/min over the range of 10° ≤ 2θ ≤ 80° was used to record the diffraction pattern of 
the samples. The average crystal range of size, d, was determined by Equation 3.1:  
𝑑 =
0.89 ⋋
𝛽𝑐𝑜𝑠Ө
 
3.1 
for a given phase, θ,  
with an X-ray wavelength, λ, of 0.1540 nm  
and FWHM (full width at half maximum)  
 
3.4.3 Raman Spectroscopy (RS) 
The Raman spectra were obtained using a Raman Micro 200, Perkin Elmer 
precisely Spectrometer (Spectrum software). An output laser power of 60% was 
used. The powder samples, which were ground to fine powder prior analysis were 
placed on a microscopic slide for analysis. About 20 average scans, with exposure 
time of 4s was used for analysis, with wavenumber range of 200 to 1400 cm-1 and 
an operating spectral resolution of 2.0 cm-1. 
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3.4.4 Scanning Electron Microscopy (SEM) 
 Scanning electron microscopy was used to study the morphology of the 
nanoparticles, as well as surface morphology and cross sectional images of the 
membrane. Scanning electron microscopy (SEM) images were analyzed at an 
accelerating voltage of 2 kV using a TESCAN Vega TC instrument (VEGA 3 
TESCAN software), equipped with X-ray detector (EDX) for elemental composition 
operated at 5 kV.   The samples were placed and secured on a carbon tape and 
then coated with carbon for surface morphology analysis. For cross sectional image 
analysis, prior to analysis, the membrane samples were dipped in liquid nitrogen for 
about 10 min, fractured and then coated with carbon for 10 min. 
3.4.5 Transmission electron microscopy (TEM) 
Particle size and distribution of pristine BiVO4 and HPEI/BiVO4 nanoparticles was 
examined using Transmission Electron Microscopy (TEM JEOL, JEM-2010, Japan) 
at an accelerating voltage of 200 kV. The powder samples of pristine BiVO4 and 
HPEI/BiVO4 were dispersed in ethanol, then a few drops of the solutions were 
placed on a carbon coated copper grid for the TEM analysis. 
3.4.6 Atomic Force Microscopy (AFM) 
The surface roughness and morphology (Rq) of the membranes were measured 
using a Veeco Dimension 3100 atomic force microscopy (AFM) equipped with 
Nanoscope V530r3sr3 software. Prior analysis, the samples were mounted on a 
carbon tape to secure them. Scan rate of 5 × 5 µm was used for the measurements 
of the membranes. 
3.4.7 Optical studies (UV-Vis) 
Diffuse reflectance spectra of BiVO4 and HPEI/BiVO4 were obtained using the 
Shimadzu UV-2450 UV-Vis spectrophotometry. This was used to determine the 
band oppositions of the BiVO4 positions of the BiVO4 nanoparticles. Barium sulfate 
was used as the reference, with 0.05 g of each sample mixed with the reference for 
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analysis. Tauc plots were obtained by calculating the band gaps of the nanoparticles 
using the tauc relation Equation 3.2. 
 (αhv) = A ( hv –EEg)n                                                                                                    (3.2)  
 Where α = absorption coefficiency  
             hv = the energy of the incident radiation     
             A = the constant based on the masses of electrons and holes 
             Eg = band gap 
             n = 2, with BiVO4 being an indirect band. 
 
3.4.8 Brunauer–Emmett–Teller (BET) 
The Brunauer–Emmett–Teller surface areas of the nanoparticles were analyzed by 
nitrogen adsorption in a Micrometric ASAP 2020, at a heating temperature of  
100˚C for 6 hours. Nitrogen adsorption oat relative pressure (P/Po) of 0.980 was 
used to determine the pure volume. 
 
3.4.9 Photoluminescence studies (PL) 
Photoluminescence studies were conducted to investigate the separation efficiency 
of the photocatalysts using a Perkin Elmer fluorescence spectrophotometer (LS 45).  
A 300 W Xenon lamp was used as a source of light. The excitation and emission 
wavelengths were set at 330 and 645 nm prior to sample analysis. 
3.4.10 Contact angle measurements   
The hydrophobicity and hydrophilicity studies of the membranes were carried out on 
a Data Physics Optical instrument (SCA 20 software) using the sessile-drop method. 
Deionized water used as a probe.  About 10 measurements of deionized water 
drops were conducted at different sites per sample at room temperature to obtain 
the average. The microscopic measurement of the contact angles was carried out 
with the goniometer at room temperature. 
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3.4.11 Water flux studies 
The membranes were compacted at 250 kPa for 2 hours with deionized water for 
stabilization of flux before membrane permeation analysis were performed. The 
membrane permeability was determined from pure water flux using deionized water. 
The flux will be calculated using Equation 3.3:   
𝐽 =
𝑉
𝐴𝑡
                                                                                                                      (3.3) 
Where J (L.m-2 .h-1): is flux, 
 V is the volume of permeate pure water (L), 
 A is the effective area of the membrane (m2) 
  t is the permeate time (h). 
3.4.12 Degradation studies 
Photocatalytic degradation of triclosan pollutant was conducted by cutting an area 
of 25 cm2 of the membrane. The membranes containing bismuth vanadate were 
immersed in a solution containing 10 mg/L of triclosan. The solution was further 
stirred for 30 min in the dark to obtain a homogeneous mixture before exposure to 
the Uv-Vis light. Aliquots (10 mL) of the samples were collected at 10 min interval 
for a maximum period of 120 minutes using a syringe. The degradation of the 
triclosan contaminant was monitored by measuring the absorbance using  
UV-Vis spectrophotometer at absorbance of 288 nm.  
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Figure 3.3: UV-Vs irradiation experimental set-up for the photodegradation of 
triclosan. 
 
3.4.13 Degradation of by-products 
The resulting degradation by-products of triclosan were measured by the use of  
UV-Vis,. The concentration of chloride ions was determined using Ion 
Chromatography (Dionex ICS-2000). Dionex IonPac AS18 RFIC (2 × 250 mm) was 
the column used. Prior to analysis, the samples were filtered through a 0.45 µm 
polyvinylidene fluoride syringe filters. 
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: 
 RESULTS AND DISCUSSION 
 
4.1 Introduction  
Characterization of BiVO4, HPEI-derived nanoparticles and photocatalytic 
membranes with varying compositions is discussed in this section. The 
photocatalytic activity of the membranes was monitored for their efficiency towards 
triclosan using visible light as the source of light. UV-Vis was used to monitor the 
degradation of triclosan.   
4.2 Characterization of pristine BiVO4 and HPEI/BiVO4 nanoparticles.  
4.2.1 Polymorphic studies 
Polymorphic studies were conducted to investigate the structure elucidation, 
crystallite phases and functional groups of the nanoparticles, with the aid of XRD 
and Raman respectively. 
4.2.1.1 X-ray Diffraction patterns  
The XRD patterns depicted in Figure 4.1 show the crystals structures and phases 
of pristine BiVO4 and HPEI/BiVO4 (1:4, 1:6, and 1:9). Pristine BiVO4 (Figure 4.1 B) 
shows a pure monoclinic phase, which is in good agreement with the standard Joint 
Committee on Powder Diffraction Standards (JCPDS) card No. 04-016-0688 
(Figure 4.1 A), assigned to monoclinic BiVO4.  The splitting of the major diffraction 
peaks at 2θ (18.5, 35, and 46) can be ascribed to the lattices of (011), (200) and 
(024) respectively, indexed to the monoclinic scheelite phase (1). The same 
diffraction peaks were observed for HPEI/BiVO4 NPs, as shown in Figure 4.1 (C, D 
and E), which clearly denote the presence of the monoclinic phase within the NPs. 
However, upon gradual increment of HPEI polymer, a notable phase transformation 
was observed between the tetragonal and the monoclinic phases of BiVO4. This 
notable phase transformation was observed at the ratio of 1:6 and 1:9 of the 
HPEI/BiVO4 NPs (Figure 4.1 D & E). The 1:6 and 1:9 HPEI/BiVO4 NPs  
Chapter 4: results and discussion 
63 
(Figure 4.1 D & E), can be well indexed to the tetragonal phase, attributed by the 
presence of the diffraction peaks 2θ = 32, 35 and 32.7, which are in good 
agreement with the tetragonal JCPDS no. 14 0133 (Figure 4.1 F) (2, 4). It was also 
observed that the tetragonal phase becomes more pronounced as the content of 
HPEI increases, as illustrated by the percentage distribution curve (Figure 4.2).  The 
ratio of the percentage of the tetragonal phase to the monoclinic phase was 
determined by equation 4.1:  
 
𝑋𝑚 =
1
1+1.26
𝐼𝑡
𝐼𝑚
× 100%                                                                                        (4.1) 
  
Where It and Im are intensities of the peaks representing the tetragonal phase and 
the monoclinic phase as obtained from the XRD pattern. Figure 4.2 depicts that the 
content of HPEI is increased, there a gradual increase of the percentage for the 
tetragonal phase and a decrease in the monoclinic phase. At higher loading of HPEI 
(1:9), 72% of the tetragonal phase and 28% of the monoclinic phase was obtained, 
illustrating that the HPEI polymer stabilizes the tetragonal phase. Moreover, the 
particular monoclinic−tetragonal phase transformation of BiVO4 is expected to 
promote the separation of photo-induced electron−hole pairs, thus, higher 
photocatalytic due to reduced recombination rate activity 
 
 It is worth noting that the tetragonal phase stabilization is accompanied by a 
progressive decrease in the intensity of the peaks (Figure 4.1 C, D & E), which was 
further substantiated by Raman technique.  This observation can be denoted by the 
decrease in the intensity of the (112) and (013) peaks, with pristine BiVO4 NPs 
(Figure 4.1 B) having sharp intense separate peaks [(112) and (013)], whilst 
HPEI/BiVO4 NPs (Figure 4.1 C, D & E) having one co-joined broad peak. The 
decrease in the intensity of the peaks can be ascribed to the addition of an 
amorphous material (HPEI) within the NPs.  Abbasi et al., (2015), observed the 
same diffraction pattern, whereby the diffraction intensities of BiVO4-GO, (BiVO4-
GO-PVDF) BGDF-25%; BGDF-35% and BGDF-45% composites were weaker than 
those of pure BiVO4 architecture (1). The crystallite sizes of the nanoparticles 
reduced from 47 nm of pristine BiVO4 to 43 nm of HPEI/BiVO4 when the HPEI 
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template was introduced. The reduction in the particle size indicates improved 
surface area, further substantiated by BET analysis. 
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                           
 Figure 4.1: XRD patterns of pristine BiVO4 and HPEI/BiVO4 (1:4, 1:6, and 1:9).  
 
(A) 
(B) 
(C) 
(D) 
(E) 
(F) 
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4.2.1.2 Phase transformation relationship of BiVO4 
 
Figure 4.2: Percentage distribution of the two phases of HPEI: BiVO4 (1:4, 1:6 
and 1:9) 
4.2.1.3 Raman analysis 
The Raman spectra as shown in Figure 4.3 further substantiates the phase-
transformation of the nanoparticles observed from the XRD spectra.  Raman 
analysis supports the presence of predominant monoclinic phase of the 
nanoparticles for the pristine BiVO4 (Figure 4.3 A). Pristine BiVO4 illustrates Raman 
bands at 211, 320, 370, 683, 710, and 824 cm-1 which can be assigned to monoclinic 
BiVO4 (2, 3).  Jjiang et al., (2012) reported Raman bands with approximately similar 
peaks of m-BiVO4 (2).  
The most intense band at 824 cm-1 for pristine BiVO4 (Figure 4.3 A) was attributed 
to the symmetric V–O stretching mode and the weak bands at 710 and 683 cm-1 
were assigned to the asymmetric V–O stretching mode. The asymmetric and 
symmetric bending vibrations of the VO4 tetrahedron were detected at 320 and  
370 cm-1, respectively.  
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At higher content of HPEI content (Figure 4.3 C & D), the phase transition between 
monoclinic and tetragonal can be noticed by the band shift of the symmetric  
V–O stretching from 824 to 827 cm-1. The V–O stretching mode of the pristine BiVO4 
sample (Figure 4.3 A), indexed at 824 cm-1, shifted to a higher frequency compared 
to that of HPEI/BiVO4 NPs (Figure 4.3 C & D), indexed at 827 cm-1 (2).  
The disappearance of the δ (VO4) doublet, as denoted on Figure 4.3 D, which can 
be ascribed to the monoclinic phase also confirmed the phase transformation. The 
disappearance of the weak asymmetric V–O stretching bands at 683 cm-1 and 710 
cm-1 (Figure 4.3 C & D) , attributed to the monoclinic phase also denotes the 
presence of the phase transformation between the tetragonal and monoclinic phase. 
This was due to the presence of the tetragonal peaks, which appeared at the same 
region, thus leading to the overlap of the two phases (3). Usai et al., (2013) reported 
similar observation for the phase transformation of BiVO4 nanoparticles. In this 
study, higher loading of yttrium led to transformation of the monoclinic to tetragonal 
phase (3). This was accompanied by the band shift and disappearance of the 
monoclinic doublet (3). 
 
  
 Figure 4.3:  Raman spectra of (A) pristine BiVO4, (B) HPEI/BiVO4 (1:4), (C) 
HPEI/BiVO4 (1:6) and (D) HPEI/BiVO4 (1:9).   
  
(A) 
(B) 
(C) 
(D) 
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4.2.2 Optical studies 
 UV-Vis- with DRS and photoluminescence spectroscopic techniques were 
conducted to investigate the optical studies in relation to the band gaps and 
recombination rate of the nanoparticles.  
 
4.2.2.1 Diffuse Reflective Spectroscopy (DRS) 
Tauc plot spectra of the pristine BiVO4 and HPEI/BiVO4 (1:4, 1:6, 1:9) nanoparticles 
is illustrated on Figure 4.5. The energy band gaps of pristine BiVO4 and HPEI-
derived BiVO4 nanoparticles were estimated from the intercept of the plot (αhν)2 
versus hν as denoted by Equation 4.1. The estimated band gap energies of the 
BiVO4 nanoparticles were in the range of 2.34 – 2.42 eV, which were comparable 
to those reported by other investigators (2, 3 & 5). Pristine BiVO4 depicted band gap 
energy of 2.38 eV. The band gap of HPEI/BiVO4 (1:6) decreased to 2.34 eV upon 
the addition of HPEI within the NPs. This decrease in the band gap was due to an 
increase in the coupling of the monoclinic and tetragonal phase, thus, improving the 
absorbance of the material.  
However, band gap energy of (1:4 and 1: 9) HPEI/BiVO4 NPs slightly increased to 
2.41 eV and 2.42 eV respectively. Compared to HPEI/BiVO4 (1:6 & 1:9), pristine 
BiVO4 possessed lower band gap and due to having a spherical porous structure 
(Figure 4.5). From literature review, this indicates that the spherical porous material 
could respond very well to visible light more effectively, thus expected to show 
higher visible-light-driven photocatalytic performance. Jiang et al., (2012) reported 
the band gap energies of BiVO4 samples ranging from 2.45 -2.52 eV (2). The study 
further indicates that BiVO4 NPs with porous structure showed lower band gap 
energy (2.45 eV) as compared to other BiVO4 with rod flower like structures (2.52 
eV) (2). Li et al., (2016) reported the same observation, with the spherical BiVO4 
having porous structures possessing lower bandgap energies (2.45– 2.49 eV) when 
compared to the rod-like BiVO4 structures (2.52 eV) (5).  
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Figure 4.4: Tauc plot of pristine BiVO4 and HPEI/BiVO4 (1:4, 1:6, 1:9) 
nanoparticles.  
The conduction and valence band of the nanoparticles were calculated using 
Equation 4.2: 
ECB =  –E0- 0.5 Eg                                   (4.2)                                                                                                 
Where  is the absolute electronegativity of the semiconductor, which for BiVO4  
is 6.035 (4). 
      Ec is the energy of free electrons on the hydrogen scale (4.5 eV) (4).  
      E˚CB is the conduction band 
      Eg is the energy band gap. 
The results were presented on Table 4.1 below, with the calculated ECB (conduction 
band) and EVB (valence band) of pristine BiVO4 and HPEI-derived BiVO4 
nanoparticles were ranging from 0.33-.0.37 eV and 2.71-2.75 eV respectively as 
shown on Figure 4.5 respectively. The band edge positions of the pristine BiVO4 
and HPEI: BiVO4 nanoparticles is depicted on Figure 4.5, showing the flow of 
electrons and holes.   
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Table 4.1: absolute electronegativity, energy band gaps, calculated 
conduction, and valence band for BiVO4 nanoparticles. 
Semiconductors Absolute 
electrone
gativity 
(X) 
Calculated 
conduction 
band(eV) 
Calculated 
valence 
band (eV) 
Energy 
band gap  
Eg (eV) 
Pristine BiVO4 
HPEI/BiVO4 (1:4) 
HPEI/BiVO4 (1:6) 
HPEI/BiVO4 (1:9) 
6.035 
6.035 
6.035 
6.035 
0.35 
0.33 
0.37 
0.33 
2.73 
2.74 
2.71 
2.75 
2.38 
2.41 
2.34 
2.42 
 
  
Figure 4.5: Change in band gap and band edge positions with an increase in 
the addition of HPEI content of the BiVO4 semiconductors. 
4.2.1.2 Photoluminescence spectroscopy. 
 Photoluminescence studies were done to investigate the separation efficiency of 
the photo-generated electrons and holes in semiconductors before and after the 
addition of HPEI polymer. The photoluminescence emission results were taken into 
consideration, with lower peak of the emission results indicating a decrease in the 
2.76 eV 
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recombination rate of the semiconductors. High photoluminescence intensities are 
due to high electron-hole recombination rates. 
The data revealed that pristine BiVO4 has a higher photoluminescence intensity as 
compared to the other HPEI/BiVO4 NPs (Figure 4.6). Upon the addition of 
HPEI/BiVO4 (1:4), the photoluminescence intensity decreased drastically when 
compared to pristine BiVO4. This illustrates that the HPEI polymer plays a huge role 
in the improvement of the recombination rate of the nanoparticles. The HPEI/BiVO4 
(1:6) had the lowest photoluminescence intensity of 14 a.u. This was ascribed to the 
phase transformation between monoclinic and tetragonal phase of the 
semiconductors, resulting in the improvement of the charge separation (3). These 
results are in good agreement with the tauc plot (Figure 4.4), with a decrease in the 
band gap of the NPs. These observations indicate an improvement in the 
photocatalytic activity of the (1:6) HPEI/BiVO4 NPs upon addition of HPEI polymer. 
   However, there was an increase in the recombination of the nanoparticles at the 
highest loading of (1: 9), which was attributed to agglomeration of the nanoparticles, 
reducing the photocatalytic activity. This indicates that at higher loading of HPEI, the 
template act as a recombination centre. Zwane et al., (2018) reported similar 
studies, with a gradual decrease in the recombination rate of BiVO4 NPs upon 
doping of 5% and 10% of Y-Mo (6). However, upon addition of 15% of Y-Mo, the 
BiVO4 had the highest PL intensity due to the formation of recombination centre (6).  
Chapter 4: results and discussion 
71 
 
Figure 4.6: Photoluminescence spectra of pristine BiVO4 and HPEI/BiVO4 
(1:4, 1:6, 1:9). 
4.2.3. Morphological studies  
Morphological elucidation, elemental analysis and surface area of the nanoparticles 
were investigated with SEM, TEM and BET.  
 
4.2.3.1: SEM analysis 
The morphology of pristine BiVO4 and the HPEI\BiVO4 nanocomposites were 
investigated using SEM. Figure 4.7 (A) shows pristine BiVO4, which demonstrate 
dumbbell-like structures with, pores on the surface. Li et al., (2014) reported similar 
observation of pristine BiVO4 having a dumbbell-like nanoparticles assembled with 
plenty of small particles with distinct edges (7).  Upon the addition of the HPEI 
polymer, the morphology of the nanoparticles changed from dumbbell-like 
structures to rod-like structures with needles at the edges of the rods (Figure 4.7 C, 
E & Figure 4.7 G). The morphological change can be attributed to an increase in 
the working pH of the solutions, ranging from 1-3 (8,). This indicates that HPEI 
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template plays a significant role in the morphology of the nanoparticles by increasing 
the pH of the solutions. As the amount of HPEI added to BiVO4 nanoparticles is 
increased (Figure 4.7 E & Figure 4.7 G), additional needle-like structures are 
observed on the SEM images that could be ascribed to the tetragonal phase of 
BiVO4 nanoparticles,  reported by Usai et al., (2013) (3). The EDS spectrum 
indicates the presence of the entire element present within the BiVO4 nanoparticles.  
Bi, V, and O elements were detected. BiVO4 is in good stoichiometric ratio as can 
be observed from atomic percent of bismuth, vanadium and oxygen. No presence 
of HPEI elements was observed on the spectra, further supporting the complete 
removal of the template within the nanoparticles.  
 
  
5 µm 
B 
Bi 
Bi 
Bi  
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Figure 4.7: SEM images and EDS of (A, B) pristine BiVO4 (C, D) HPEI/BiVO4  
(1:4), (E, F) HPEI/BiVO4 (1:6). (G, H) HPEI\BiVO4 (1:9) 
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4.2.3.2 TEM analysis. 
The morphology, particle size and crystallinity of the nanoparticles was investigated 
using TEM. The morphology of pristine BiVO4 and HPEI/BiVO4 nanoparticles 
showed to be in good agreement with the morphology observed on SEM analysis. 
The pristine BiVO4 showed a dumbbell-like structure (Figure 4.8 A) and HPEI/BiVO4 
nanoparticles having rod-like structures with needle-like edges (Figure 4.8 C, E & 
Figurer 4.8 G). Selected area diffraction (SAED) analysis were conducted to 
confirm the crystallographic parameters obtained from XRD analyses.  
 
The SAED analysis for pristine BiVO4 and HPEI/BiVO4 (1:4, 1:6 & 1:9) obtained from 
the fringes were studied and presented on Figure 4.8 (B, D, F & H). The figure 
showed that the SAED results had spots corresponding to that of the lattice values 
obtained from the XRD analysis.  Pristine BiVO4 (Figure 4.8 B) showed SAED spot 
corresponding to the hkl value of (011), characterized to monoclinic phase taken 
along the [011] zone axis. This was in consistent with the XRD results obtained from 
peak at 2𝜃 = 18.5º. Figure 14.8 D depicts the monoclinic phase characterized by 
SAED spot corresponding to hkl values of (013 and 002), which are in consistent 
with XRD results of 2𝜃 = 28º & 43º. However, Figure 4.8 F & H had the SAED spots 
ascribed to both the monoclinic (112) and tetragonal (113) along the zone axis [512] 
and [162] respectively. This observation further substantiate the phase 
transformation obtained from XRD and Raman results.  
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Figure 4.8: TEM and SAED analysis of (A, B) pristine BiVO4, (C, D) 
HPEI\BiVO4 (1:4), (E, F) HPEI\BiVO4 (1:6) & HPEI\BiVO4 (1:9)  
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4.2.3.3 BET surface area analysis. 
One of the disadvantages of BiVO4 has is having low surface area, which is a 
setback in the photocatalytic activity of the nanoparticles (10). Table 4.2 shows the 
surface area of the pristine BiVO4 and HPEI/BiVO4 nanoparticles. As illustrated on 
the table, pristine BiVO4 has low surface area of 1.94 m2/g. However, upon the 
addition of the HPEI template, the surface area of the nanoparticles increased 
drastically as the content of the HPEI is increased, with (1:9) HPEI/BiVO4 having 
higher surface area of 9.99 m2/g. This show that the HPEI template plays a 
significant role in increasing the surface area of the nanoparticles, which can in turn 
has the potential of enhancing the photocatalytic activity of the nanoparticles. 
Table 4.2: BET surface area results of BiVO4 photocatalysts. 
Photocatalysts  Surface area ( m2/g) 
Pristine BiVO4 
HPEI/BiVO4 (1:4) 
HPEI/BiVO4 (1:6) 
HPEI/BiVO4 (1:9) 
1.94 
3.28 
3.53 
9.99 
4.3 Characterization of PES/HPEI/BiVO4 membranes 
4.3.1 Spectroscopic studies 
Functional groups of bare membrane and modified membranes were investigated 
with the aid of FTIR analysis. 
 
4.3.1.1 Fourier Transform Infrared Spectroscopy Analysis 
Structural modification of bare PES and PES/HPEI/BiVO4 membranes was 
determined using FTIR analysis. The FTIR spectra of HPEI, bare PES, 0.1% 
PES/HPEI/BiVO4, 0.2% PES/HPEI/BiVO4, 0.3% PES/HPEI/BiVO4 and 0.5% 
PES/HPEI/BiVO4 are illustrated on Figure 4.9. The bands absorption for HPEI 
polymer (Figure 4.9 A) at 1670 cm-1 and 2903 cm-1 are due to internal and external 
peripheral N-H groups respectively. Table 4.3 shows the FTIR functional groups 
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and respective absorption peaks for bare PES. Functional groups such as aromatic 
rings, C-H stretching for the benzene ring, S=O for the sulfone group and CSO2C 
were observed ascribed to the unmodified PES membrane (Figure 4.9 B and  
Table 4.3).  Makhethe et al., (2018) reported similar functional groups observed in 
this study (11). The study illustrated the presence of three peaks of aromatic skeletal 
vibration, positioned between 1600 and 1400 cm-1, the C-O-C stretching peaks 
situated at 1324 and 1239 cm-1 and the S=O stretching peaks were observed at 
1151 and 1105 cm-1(11). Shockravi et al. (2017) also reported the presence of 
absorption peaks at 1578 cm-1, 1485 cm-1,1240 cm-1 and 1294 and 1149 cm−1 on 
bare PES spectra, pertained to C6H6 ring stretch, C-C bond stretch, aromatic ether 
stretch and asymmetrical and symmetrical vibrations of the sulfone group 
respectively (12). The reported results are in good agreement with the results 
obtained in this study.  
Although (0.1%, 0.2%, 0.3% and 1.5%) PES/HPEI/BiVO4 (Figure 4.9 C, D, E & F) 
portrait all the functional groups ascribed to bare PES (Figure 4.9 B), new 
functionalities on the nanocomposite membranes were observed. Functional groups 
such as -NH and –OH were observed at 1677 cm-1 and 3089 cm-1. These bands are 
ascribed to presence of N-H groups from the HPEI polymer and OH groups from 
BiVO4 vibrations. These observations confirms the successful blending of HPEI and 
BiVO4 with the PES polymer forming PES/HPEI/BiVO4 membranes. 
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Figure 4.9: FTIR spectra of (A) HPEI, (B) Bare PES, 
 (C) 0.1% PES/HPEI/BiVO4, (D) 0.2% PES/HPEI/BiVO4,  
(E) 0.3% PES/HPEI/BiVO4 and (F) 0.5% PES/HPEI/BiVO4. 
Table 4.3: FTIR transmittance bands of PES membranes 
PES spectra  Wavenumber (cm
-1) 
S=O symmetric stretching 
C-SO2-C asymmetric stretching 
C6H6 ring stretch 
1150 
1321 
1581-1486 
 
4.3.2 Morphological studies  
The surface morphology and cross-section of the modified and the unmodified 
membranes were investigated with the aid of SEM and AFM analysis. 
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4.3.2.1 Scanning Electron Microscopy Analysis 
 SEM analysis was used to investigate the cross-section of the bare PES and the 
modified membranes. Figure 4.10 shows the cross-sectional of bare PES  
(Figure 4.10 A) and PES/HPEI/BiVO4 (Figure 4.10 B-E) composite membranes. 
The cross-sectional images of all the prepared ultrafiltration membranes show a 
typical asymmetrical porous structure consisting of a dense skin layer and a porous 
sublayer having finger-like pore structures (13-16). Upon the addition of the HPEI 
polymer in the casting solutions, the obtained nanocomposite membranes displayed 
an increase in the microvoids within the membranes as shown in  
Figure 4.10 B, C, D, E.  
 
In comparison with the pure PES membrane (Figure 4.10 A) and the HPEI/BiVO4, 
blended membranes show finger-like pores with slightly reduced microvoids  
(Figure 4.10 C, D, E).  The SEM images illustrate that the size of the microvoids 
reduces as the content of BiVO4 is increased. According to literature, the reduction 
of the microvoid size is expected for a membrane incorporated with hydrophilic 
surface modifier additives (17, 18). The formation of decreased microvoids is 
ascribed to a slow solvent/non-solvent phase exchange during membrane formation 
in the coagulation bath (19). In this study, as the BiVO4 (hydrophilic) content was 
increased, the microvoids were observed to decrease due to a slow exchange rate 
between the solvent and nonsolvent during the phase inversion process (19). 
Figure 4.10 D & E also indicated the presence of BiVO4 within the membrane 
structure further affirming the successful blending of PES membrane with 
photocatalytic BiVO4 nanoparticles.   
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Figure 4.10: SEM cross-sectional morphology of (A) bare PES, 
 (B) 0.1% PES/HPEI/BiVO4, (C) 0.2% PES/HPEI/BiVO4,  
(D) 0.3% PES/HPEI/BiVO4, (E) 0.5% PES/HPEI/BiVO4 
 
BiVO4 
 
BiVO4 
BiVO4 
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4.3.2.2 Atomic Force Microscopy Analysis 
AFM analysis were conducted to investigate the surface roughness of the 
membranes. In this study, the AFM analysis were carried out in  three dimmension 
(3D), with a scale of 5 × 5 µm to investigate changes in surface morphology of bare 
PES and PES/HPEI/BiVO4 membranes. Figure 4. 11 A shows the surface 
roughness of bare PES. The PES micrograph depicted  a ridge and valley-like 
structure, presented by the dark spots (valleys) and bright areas (ridges),  with 
surface roughness of 109 nm.  From the 3D images of AFM, it can be observed that 
the 0.1%, 0.2%, 0.3% & 0.5% of PES/HPEI/BiVO4 (Figure 4.11 B, C, D & E) also 
possess a ridge-valley like structure. However, as the amount of BiVO4 NPs is 
increased within the nancomposite membranes (Figure 4.11 B, C & D), there was 
a decrease in the surface roughness of the membranes from 109 nm ( bare PES) 
to 63 nm (0.3% of PES/HPEI/BiVO4) (Figure 4.13 D: Table 4.4.). The decrease in 
the roughness of the membrane can be ascribed to the migration and accumulation 
of the HPEI and BiVO4 on the surface of the membrane pores (20). Li et al., (2014) 
reported a decrease in the surface roughness from 5.29 nm of pure PES to 4.25 nm 
of TiO2/F127/PES membrane (20). This is due to the presence of OH groups from 
TiO2, reducing the roughness of the membrane (20). 
 
 However, the increase in the nanoparticles content (0.5 wt%) led to an increament 
in the surface roughness of the membrane from 65 nm to 90 nm (Table 4.4). This 
could be ascribed to the agglomeration of the nanoparticles on the surface of the 
membrane at higher loading. The  AFM images are consistent with SEM analysis 
shown on section 4.3.2.1, indicating that the NPs at higher content easily aggregate 
and cause an uneven membrane surface . Due to electrostatic interactions amongst 
the nanoparticles at higher concentration, they regularly collocate, thus, increasing 
the surface roughness of the  membrane (21).  Nasrollahi et al., (2019) observed 
similar results, with an increase in the surface roughness of (3.17 nm) PES/CuO0.2% 
membrane to PES/CuO0.5% (3.05 nm) at higher loading of CuO (21).   
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Figure 4.11: AFM images for (A) bare PES, (B) 0.1% PES/HPEI/BiVO4,  
(C) 0.2% PES/HPEI/BiVO4, (D) 0.3% PES/HPEI/BiVO4  
and (E) 0.5% PES/HPEI/BiVO4. 
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Table 4.4: Surface roughness of modified and unmodified membranes 
Membrane Surface roughness (nm) 
Bare PES 
 
0.1%PES/HPEI/BiVO4 
 
0.2% PES/HPEI/BiVO4 
 
0.3% PES/HPEI/BiVO4 
 
0.5% PES/HPEI/BiVO4 
 
109.28  
 
98.51 
 
65.24 
 
63.49 
 
90.45                
 
4.3.4 Permeation studies 
To determine the hydrophilicity and the water flux of the modified and unmodified 
membranes, contact angle and water flux studies were conducted.  
4.3.4.1 Contact Angle  
The surface hydrophilicity of the membranes is considered one of the most 
important characteristics, which influences the performance and antifouling 
properties of the membrane (21). Table 4.5 shows the contact angle of the bare 
PES and modified membranes. Pristine PES membrane had the highest contact 
angle of 75 ±3.76˚, whereas the nanocomposite membranes (PES/HPEI/BiVO4) 
possessed lower contact angles of 71 ± 3.65˚ to 56 ± 2.8˚. The lower the contact 
angle was due to the hydrophilic properties of the HPEI and BiVO4 (22).  Yu et al., 
(2013) reported a decrease in the contact angle with an increase in the content of 
HPEI-GO (22). The study indicate that pure PES membrane had the highest contact 
angle of 85.5°, however, the contact angles decreased to 63.1° upon the addition of 
5 wt% HPEI-GO (22). Safapour et al., (2016) observed the same trend, with a 
decrease in the contact angle values of PES nanocomposite membranes upon 
addition of TiO2 (23).  Bare PES had the highest contact angle of 65.5 ˚ , upon addition 
of 0.1 wt% of TiO2, the contact angle decreased to 54.2˚ (23). This was attributed to 
the presence of the OH groups from TiO2 NPs, which contributed towards the 
improvement in the hydrophilicity of the membranes (23).  
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Table 4.5: Contact angle of pure PES and modified membranes. 
 
Membrane composites 
 
Contact angle (˚) 
Bare PES 
 
0.1% PES/HPEI/BiVO4  
 
0.2% PES/HPEI/BiVO4  
 
0.3% PES/HPEI/BiVO4  
 
0.5% PES/HPEI/BiVO4  
 
 
75 ±3.76 
 
71 ± 3.65 
 
69 ± 3.45 
 
68 ±3.41 
 
56 ± 2.80 
 
 
4.3.4.2 Water flux analysis 
Pure water flux analysis of the pure PES and the composite membranes blended 
with HPEI and different BiVO4 loadings are presented on Figure 4.12. In comparison 
to bare PES, the modified membranes indicated an improved water flux. It was 
observed that the addition of HPEI and BiVO4 nanoparticles induces the increase in 
the water flux of the membranes.  Subsequently, the addition of high content of 
BiVO4 NPs (0.2- 0.3 wt%) produced remarkable changes, with an increase in the 
water flux of 0.1% PES\HPEI\BiVO4 (152.28 L-1 m-2 h-1) when compared to bare PES 
with 13.83 L-1 m-2 h-1, both at pressure of 50 Kpa. These results are in agreement 
with the results conducted by Ayyaru et al., (2018) (24). In this study, PES/P-
TiO2 (522 L-1 m-2 h-1) was reported to have a higher flux than bare PES membrane 
(321 L-1 m-2 h-1) (11). The study further explains that the presence of OH groups on 
TiO2 led to a porous structure and hydrophilicity in the P-TiO2 membrane, which 
increased the water flux by 62.6% (24). Moreover, as the pressure applied is 
increased, the water flux also increases. This trend is usually normal for ultrafiltration 
membranes. Several studies have reported similar observations, with an increase 
in the water flux of the membranes upon an increase in the pressure (24-26).  
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Figure 4.12: Pure water flux of the PES and modified membranes  
4.3.5 Photocatalytic activity of PES/HPEI/BiVO4 membranes. 
The photocatalytic activities of PES/HPEI/BiVO4 nanocomposites membranes were 
conducted by evaluating the photodegradation of triclosan under ultra-violet light 
irradiation. 
Photodegradation of triclosan 
The photocatalytic activity of bare PES membrane and PES/HPEI/BiVO4 at different 
loading of BiVO4 (0.1, 0.2, 0.3, 0.5 wt%) was evaluated by the photodegradation of 
triclosan, at neutral pH under ultra-violet light irradiation light (Figure 4.13). From 
the results, it was observed that 0.1 PES/HPEI/BiVO4 PES exhibited lower 
percentage removal of triclosan (28%) after 120 min. This observation can be 
attributed to the membrane having less photocatalytic activity due to small amount 
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of the NPs present in the membrane. The photodegradation rate of triclosan 
improved upon the addition of BiVO4 within the nanocomposite membranes. Higher 
photodegradation rate (up to 86%) was observed at high content loading of BiVO4 
(0.3% & 0.5%) only after 60 min of degradation. This indicates that the presence of 
BiVO4 NPs plays a huge role in the degradation of triclosan. Due to reduced  
band gap (2.34 eV) and lower recombination rate (14 a.u) (see section 4.2.2), the 
presence of BiVO4 was expected to enhance the photocatalytic activity of the 
modified membranes. Li et al., (2016) accomplished 90% degradation of ibuprofen 
after 25 min, when using monoclinic BiVO4 (27). At 70 min time interval, the 
photodegradation rate became stable for both membranes, indicating that the 
reactive site might have been saturated.  
To further confirm the degradation of triclosan, ion chromatography was conducted 
(Figure 4.14). The IC analysis showed an increase in the concentration of the 
generated chloride ions from 30 min to 50 min. However, there was a decrease in 
the concentration of the generated chloride ions at 60 min to 80 min. The decrease 
in the Cl- ion generation might have been because the reactive sites might have 
been saturated and thus there was no interaction between BiVO4 nanoparticles and 
triclosan (28). 
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Figure 4.13: Photodegradation of triclosan by PES/HPEI/BiVO4 at pH 7 
 
Figure 4.14: Concentration of chlorine ions as a function of time for the 
degradation of triclosan using 0.3% PES/HPEI/BiVO4 and 
 0.5% PES/HPEI/BiVO4 membrane.  
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: 
 CONCLUSIONS AND RECOMMENDATIONS 
 
5.1 Conclusions 
The aims and objectives of this study were successfully achieved; therefore, the 
following conclusions and recommendations can be drawn:  
 Pristine monoclinic BiVO4 nanoparticles were successfully synthesised using 
the hydrothermal method. Phase transitioned BiVO4 nanoparticles were 
successfully synthesised within the HPEI template. Characterisation 
techniques such as XRD, Raman and calculated percentage distribution 
curve showed that pristine BiVO4 nanoparticles were predominantly the 
monoclinic phase, whereas the HPEI/BiVO4 showed the presence of phase 
transformation from the monoclinic phase to the tetragonal phase. The 
results further revealed that HPEI played a major role in the phase 
transformation of the nanoparticles 
 The incorporation of the BiVO4 nanoparticles to the HPEI template also 
played a huge role in the change of the morphology of the nanoparticles and 
crystallite size as illustrated by SEM and TEM analysis.  
 Photoluminescence studies showed that the incorporation of HPEI template 
within BiVO4 NPs helped reduce the recombination rate of the nanoparticles, 
thus improving their photocatalytic activity. Tauc plot illustrated a reduced 
band gap of the (1:6) HPEI/BiVO4 NPs as compared to pristine BiVO4, upon 
the addition of HPEI polymer. 
  Permeation studies illustrated an increase in the hydrophilicity and water 
permeability of the nanocomposite membranes due to the presence of HPEI 
and BiVO4 NPs.  
 UV-Vis analysis confirmed the photodegradation of triclosan with the 
PES/HPEI/BiVO4 using various loadings of BiVO4. PES/HPEI/BiVO4 (0.3% & 
0.5 %) exhibited the highest degradation of triclosan at neutral pH when 
compared to the other membranes. Therefore, these studies indicate that 
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these membranes could be applied in the degradation of new emerging 
pollutants in wastewater treatments.  
5.2 Recommendations for future work 
 This study only explored the ability of PES/HPEI/BiVO4 membranes for 
the degradation of triclosan at neutral pH. Further studies could be 
conducted for the degradation of triclosan at both acidic and alkaline pH. 
 Photodegradation of other new emerging pollutants could be further 
explored using the same membrane composites.  
 Liquid Chromatography-mass spectroscopy (LCMS) analysis can be 
used to further study the degradation pathway of other products that could 
be generated. 
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Appendix A 
 
Table A1: Operating parameter of IC 
IC parameters                                       Operating values 
Flow rate / mL.min-1 0.25  
Maximum pressure psi 
Eluent used M 
3000 
KOH 0.1  
Eluent concentration M 30 
Column temperature ( ˚c) 30 
Data rate Hz 5.0 
Cell temperature ( ˚c) 30.6 
Supply current mA 19 
Supply type ASRS 2 mm 
Replicate  3 
Flush time/s 30 
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Table A1: Triclosan UV-vis calibration curve (R2= 0.997) 
Concentration (ppm) Absorbance (a.u) 
  
0 0.000 
2 0.193 
4 0.337 
6 0.475 
8 0.647 
10 0.740 
 
Table A2: Triclosan removal under UV light by 0.1%PES/HPEI/BiVO4,  
0.2% PES/HPEI/BiVO4, 0.3% PES/HPEI/BiVO4 and  
0.5% PES/HPEI/BiVO4 at pH= 7. 
 Time 
 (min) 
                                   Concentration (ppm) 
0.1%  0.2% 0.3% 0.5%  
0 10.00 10.00 10.00 10.00  
10 9.68 9.76 9.88 8.740  
20 9.61 9.07 7.84 4.29  
30 8.95 8.16 7.74 3.27  
40 8.77 6.76 6.48 5.75  
50 9.53 8.20 2.68 5.46  
60 
70 
9.52 5.34 1.44 1.95  
7.55 7.46 -4.04 -2.67  
80 8.25 7.69 -5.42 -1.26  
90 7.88 6.22 -6.45 -1.83  
100 
110 
120 
7.42 4.78 -6.11 -4.33  
6.95 3.58 -.6.16   
7.12 1.85 -2.94   
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Table A3: Ion chromatography results for triclosan degradation by 0.5% 
PES/HPEI/BiVO4. 
  
Samples   
 
    
Area  Retention 
time  
Concentration 
(ppm) 0.5% 
Concentration 
(ppm) 0.3% 
     
10 min 2.229 4.127 6.891 6.344 
20 min 2.052 4.127 6.823 3.686 
30 min 1.302 4.127 4.163 3.481 
40 min 1.392 4.127 4.448 3.585 
50 min 1.192 4.127 4.550 3.746 
60 min 1.207 4.127 4.190 3.431 
70 min 1.374 4.127 4.085 3.425 
80 min 1.209 4.127 3.937 3.099 
 
Table A4: Water flux results of bare PES, 0.1%PES/HPEI/BiVO4,  
0.2% PES/HPEI/BiVO4, 0.3% PES/HPEI/BiVO4 and  
0.5% PES/HPEI/BiVO4 
Operating 
pressure 
(Kpa) 
Water flux (L.m-2.h-1) 
Bare PES 0.1% 0.2% 0.3% 0.5% 
      
50 
100 
150 
200 
 
13.836 
16.150 
21.070 
27.376 
83.056 
96.90 
115.360 
141.510 
115.36 
144.553 
195.343 
246.103 
 
152.28 
241.493 
293.826 
329.166 
150.740 
219.956 
289.856 
336.856 
 
 
 
 
